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ABSTRACT 
 
 
 
Naurin, Sejuti. M.S., Purdue University, May 2015. Assessing the Role of a Putative 
Response Regulator in Sunscreen Biosynthesis in the Cyanobacterium Nostoc 
punctiforme ATCC 29133. Major Professor: Tanya T. Soule. 
 
 
 
Under exposure to long-wavelength ultraviolet radiation (UVA), some 
cyanobacteria can produce scytonemin, a yellow to brown, lipid-soluble, non-
fluorescent, stable sunscreen compound. A genomic region associated with scytonemin 
biosynthesis has been identified in the filamentous cyanobacterium Nostoc punctiforme 
ATCC 29133 that contains 18 adjacent genes transcribed in a single direction. Most of 
the genes in the upstream region of the cluster code for unique proteins involved 
directly in scytonemin biosynthesis. Further genomic characterization of this gene 
cluster in N. punctiforme has revealed a conserved putative two-component regulatory 
system (TCRS; NpF1277 and NpF1278) upstream and adjacent to the biosynthetic cluster 
that is likely involved in scytonemin regulation. In this study, it is hypothesized that if 
NpF1278, the putative response regulator, regulates scytonemin biosynthesis in N. 
punctiforme, there will be a change in the production of scytonemin following UVA 
radiation when the NpF1278 gene is deleted. To knock out NpF1278 from N. 
punctiforme, an in-frame marker-less deletion fragment complementary to the 5’ and 3’ 
ends of NpF1278 which lacks the internal sequence of the gene was constructed and 
inserted into N. punctiforme through conjugation. The mutant strain was found 
incapable of producing scytonemin following UVA radiation as assessed using 
spectroscopy. To further study this system, the interaction of the NpF1278 protein with 
the promoter region of the scytonemin biosynthetic genes was assessed using 
xii 
 
electrophoretic mobility shift assays (EMSA). If the NpF1278 protein is associated with 
the production of scytonemin, it is expected to bind to the promoter region of the gene 
cluster. Thus far, binding has not been observed. However, failure to bind to the 
promoter region can occur due to various factors. Preliminary results of this study 
suggest that the putative response regulator NpF1278 regulates scytonemin 
biosynthesis in Nostoc punctiforme ATCC 29133. Understanding these regulatory 
elements may enable future genetic manipulation to artificially control the amount of 
sunscreen produced for biomedical and industrial purposes. 
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CHAPTER 1: INTRODUCTION 
 
 
 
Cyanobacteria and Ultraviolet Radiation 
 Cyanobacteria are oxygenic photosynthetic prokaryotes which produce 
chlorophyll a and are found in most terrestrial and aquatic environments that contain 
sunlight. Most of them produce the phycobilin pigment phycocyanin, which gives the 
cells a bluish color when present in adequately high concentrations, leading to their 
description as blue-green algae. A number of features contribute to the success of 
cyanobacteria in high irradiance environments, such as the tolerance of many strains to 
warmer climates, ultraviolet radiation (UVR), desiccation, and osmotic stress in 
hypersaline environments (Whitton & Potts, 2012).  
 Cyanobacteria must live in environments open to solar UVR in order to capture 
the visible energy required to carry on photosynthesis (Castenholz & Garcia-Pichel, 
2000). UVR is summarily divided into long-wavelength UVA (320-400 nm), short-
wavelength UVB (280-320 nm), and UVC (~180-280 nm). The UVC does not reach the 
Earth’s surface at present, since the atmosphere is opaque to wavelengths shorter than 
290 nm. UVC is absorbed by stratospheric ozone (O2/O3) but it is considered to have 
penetrated the ozone-free atmosphere of the early earth (Kasting, 1992). On the other 
hand, both UVA and UVB can penetrate the ozone shield, with UVA comprising over 
95% of the total UVR at Earth’s surface (Garcia-Pichel, 1998).  
 Despite the various harmful effects of solar UVR on cyanobacteria, they continue 
to survive in these environments by promoting some active and passive strategies. 
Active strategies include gliding movements of some filamentous cyanobacteria, 
development of efficient metabolic DNA repair systems, and synthesis of UV shock
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proteins, while the main passive strategy constitutes production of sunscreens such as 
scytonemin and the mycosporine-like amino acids (Castenholz & Garcia-Pichel, 2000). 
To be considered a UV sunscreen, two conditions must be fulfilled: the compound must 
absorb in the UV range with a high absorption coefficient, and its concentration in the 
organism must be plentiful to reduce the UV dose received. The indole-alkaloid 
scytonemin and the mycosporine-like amino acids are such sunscreens produced by 
some strains of cyanobacteria (Gao & Garcia-Pichel, 2011).  
 
Scytonemin 
 Cyanobacteria that live in near-surface habitats may synthesize the UVA-
absorbing pigment scytonemin. This sunscreen is a yellow to brown, lipid-soluble, non-
fluorescent, very stable pigment that is discharged and placed in the extracellular 
polysaccharide sheaths of some cyanobacteria (Figure 1) (Garcia-Pichel & Castenholz, 
1991). Synthesis of scytonemin is primarily initiated by exposure to UVA in these 
cyanobacteria. The complex ring structure of scytonemin, with joined double bond 
distribution (Figure 2), permits strong absorption in the UVA range, with a maximum 
around 370 nm in vivo (Proteau et al., 1993). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Nostoc punctiforme with scytonemin as a yellow-brown sheath pigment. Image 
courtesy of Dr. Tanya Soule. 
3 
 
 
 
 
            
 
 
 
Figure 2. The chemical structure of scytonemin (Soule et al., 2009). 
 
The genomic region associated with scytonemin biosynthesis has been identified 
in the filamentous cyanobacterium Nostoc punctiforme ATCC 29133 (PCC 73102) and 
contains 18 adjacent genes (NpR1276 to NpR1259) transcribed in a single direction 
(Figure 3) (Soule et al., 2007). Most of the genes in the upstream region of the cluster 
code for unique proteins and have been shown to be involved directly in scytonemin 
biosynthesis. Previous studies have demonstrated that scyA (NpR1276) and scyB 
(NpR1275) encode for enzymes which form the precursors involved in the early stages 
of scytonemin biosynthesis (Balskus & Walsh, 2008).  
 
 
 
 
 
 
 
 
 
                         
 
 
Figure 3. Scytonemin gene cluster in N. punctiforme (Soule et al., 2007). 
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This 18-gene genomic region was also found to be conserved in the genome of 
the closely related cyanobacterium Anabaena PCC 7120, as well as in the sequenced 
genomes of Lyngbya PCC 8106 and Nodularia spumigena CCY 9414. However, none of 
these sequenced strains were found to have the capability to produce scytonemin when 
tested. Therefore, another scytonemin-producing strain, Chlorogloeopsis sp. Cgs-O-89, 
was assessed for the presence of the scytonemin gene cluster through the use of 
targeted sequencing with conserved primers. From this, Chlorogloeopsis was found to 
have a very similar genomic arrangement to N. punctiforme, including a five-gene 
satellite (distant) gene cluster, also conserved in the other strains mentioned above. The 
presence of the scytonemin biosynthetic gene cluster in another scytonemin-producing 
strain further validates the association of these genes with scytonemin biosynthesis and 
provides a comparison for genomic characterization (Soule et al., 2007, Soule et al., 
2009). In fact, an updated comparative genomics analysis in 2014 reveals the conserved 
gene cluster in at least fifteen strains of cyanobacteria (Figure 4), although their ability 
to produce scytonemin has not been confirmed. Furthermore, comparative genomics of 
this gene cluster has revealed that the putative two-component regulatory system in N. 
punctiforme (NpF1277 and NpF1278), upstream and adjacent to the scytonemin gene 
cluster, is highly conserved (light blue arrows in Figure 4); leading to the hypothesis that 
it is involved in scytonemin regulation.  
 
Two-Component Regulatory Systems 
Two-component regulatory systems (TCRSs) are usually characterized by two 
types of proteins, a sensor kinase (also referred to as a histidine kinase; HK) and a 
response regulator (RR). HKs typically consist of a signal recognition domain (input 
domain) and an autokinase domain, while RRs comprise an aspartate-containing 
receiver (regulatory) domain that is N-terminal to the output domain (Figure 5) (Hoch, 
2000, Ashby & Houmard, 2006). A TCRS can be a major way by which cells recognize and 
respond to different kinds of environmental stimuli. Acceptance of stimuli by the input 
domain of the HK causes activation of the autokinase domain resulting in ATP hydrolysis 
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and phosphorylation of a histidine on the phosphotransferase sub-domain of the 
autokinase. The phosphoryl group is then transferred to the regulatory domain on the 
RR, forming aspartyl-phosphate, which relieves the output domain of the RR that was 
previously inhibited by the regulatory domain. Following this, several things can occur, 
the most common of which is that the RR acts as a transcriptional activator and binds to 
DNA regulatory elements to initiate transcription of a gene or set of genes (Hoch, 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Comparative genomic analysis of various strains of cyanobacteria. Image 
courtesy of Dr. Tanya Soule.  
 
 
 In cyanobacteria there are three main classes of RRs; RR class I (RRI), RR class II 
(RRII), and RR class III (RRIII). RRI consists of proteins with a RR domain within a 
polypeptide less than 200 amino acids (aa) long, output domains are often not found in 
these RRs. RRIII proteins contain two, or even three, RR domains. The more classical RRs 
6 
 
belong to RR class II, which are all two‐component DNA‐binding RRs that coordinate to 
the structure and function of the RR described above. Class II RRs have an N‐terminal RR 
domain joined to an output DNA‐binding domain, such as T_reg, HTH_LuxR, or AraC 
(West & Stock, 2001).  
The RR evaluated in this study, NpF1278 in N. punctiforme, is described as a RRII 
with an AraC output DNA‐binding domain (Ashby & Houmard, 2006). In general, AraC 
describes a family of bacterial transcriptional activators that is concerned with stress 
responses that regulate diverse genetic systems (Martin & Rosner, 2001). Not only does 
the AraC‐type RRII describe NpF1278 in N. punctiforme, but also the NpF1278 
homologues associated with the scytonemin gene cluster in other cyanobacteria (Soule 
et al., 2009).  
 
 
 
Figure 5. Example of a two‐component regulatory system as described in this study. HK, 
histidine kinase; RR, response regulator; P, phosphoryl group; D, aspartate residue.  
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Hypotheses and Objectives 
 In this study, it is hypothesized that if the putative RR NpF1278 regulates 
scytonemin biosynthesis in N. punctiforme, there will be a change in the production of 
scytonemin when the NpF1278 gene is deleted. Furthermore, if NpF1278 is a RR 
associated with scytonemin biosynthesis in N. punctiforme, then it will likely bind to the 
promoter region of the scytonemin gene cluster. Therefore, the objectives of this study 
are to 1) knockout the RR NpF1278 from N. punctiforme and assess the effect on 
scytonemin biosynthesis following UVA radiation, and 2) observe the interaction of the 
NpF1278 protein with the promoter region of both the scytonemin gene cluster and the 
related satellite gene cluster. For this study, the filamentous cyanobacterium Nostoc 
punctiforme ATCC 29133 will be used as the model organism. This is because it is the 
only sequenced cyanobacterium that has the ability to produce scytonemin while being 
genetically tractable for mutagenesis studies. 
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CHAPTER 2: CONSTRUCTION AND ANALYSIS OF A REGULATORY MUTANT FOR 
SCYTONEMIN BIOSYNTHESIS IN NOSTOC PUNCTIFORME ATCC 29133  
 
 
 
Introduction 
Scytonemin is a yellow to brown, lipid-soluble, non-fluorescent protective 
pigment that is produced in response to exposure to long-wavelength ultraviolet 
radiation, UVA, by some strains of cyanobacteria (Garcia-Pichel & Castenholz, 1991). The 
genomic region associated with scytonemin biosynthesis has been identified in the 
filamentous cyanobacterium Nostoc punctiforme ATCC 29133 (PCC 73102) that contains 
18 adjacent genes transcribed in a single direction (Soule et al., 2007). Further genomic 
characterization of this gene cluster has revealed a conserved putative two-component 
regulatory system (TCRS; NpF1277 and NpF1278) upstream and adjacent to the 
scytonemin cluster that is likely involved in scytonemin regulation (Soule et al., 2009). 
Two types of proteins, sensor kinases (SK) and response regulators (RR), usually 
characterize two-component systems. TCRSs can be a major way by which bacteria 
recognize and respond to different kinds of stimuli (West & Stock, 2001). In this study, it 
is hypothesized that if the putative RR NpF1278 regulates scytonemin biosynthesis in N. 
punctiforme, there will be a change in the production of scytonemin when the NpF1278 
gene is deleted. Therefore, the objectives of this study are to knockout the RR NpF1278 
from N. punctiforme ATCC 29133 and assess the effect on scytonemin biosynthesis. For 
this, an in-frame marker-less deletion mutant of NpF1278 in N. punctiforme was 
constructed. A DNA fragment complementary to the 5’ and 3’ ends of NpF1278, which 
lacked the internal sequence of the gene, was generated through fusion PCR and 
recombined into the N. punctiforme genome through conjugation. Following UVA 
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radiation, ∆NpF1278 mutant strains were assessed for their ability to accumulate 
scytonemin using spectroscopy.  
 
Materials and Methods 
Cultivation and Media 
Nostoc punctiforme ATCC 29133 batch cultures were grown in a 4-fold diluted 
formulation of AA (AA/4) (Allen & Arnon, 1955) at 25 ⁰C and plates were solidified with 
1% (w/v) Noble agar (Difco). Nitrogen supplementation and buffering (AA/4+N) were 
provided by a final concentration of 2.5 mM NH4Cl and 5 mM MOPS, respectively, at pH 
7.8 as required. All cultures were grown under visible white light, which was provided by 
cool-white fluorescent bulbs at an intensity of about 30-50 µmols photons m-2 s-1. E. coli 
strains were cultured in Luria Bertani (LB) medium in liquid and on plates solidified with 
1% agarose. Antibiotics were added to the  media as needed, with final concentrations 
of 50 µg ml-1 for Kanamycin and 100 µg ml-1 for ampicillin, 25 µg ml-1 for neomycin, and 
10 µg ml-1 for chloramphenicol. 
 
Isolation of Genomic DNA and Gel Electrophoresis 
Genomic DNA was extracted from N. punctiforme batch cultures using the 
UltraClean Plant DNA Isolation Kit (MoBio Laboratories Inc.) (Soule et al., 2007). 
Presence of DNA was confirmed on 1% agarose gels stained with EZVision In-Gel 
Solution (AmrescoR). Electrophoresis was performed in 1X TAE buffer at 100 V for 30 
minutes and fragment sizes were compared to a molecular mass standard GeneRulerTM 
1kb Plus DNA Ladder (Thermo Scientific). 
 
Fusion PCR 
Construction of a deletion fragment of gene NpF1278 for insertion into the wild 
type N. punctiforme strain was done through fusion PCR (Figure 6) (Yon & Fried, 1989, 
Shevchuk et al., 2004, Lu, 2005). For this, the 5’ and 3’ ends of NpF1278 were amplified 
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through PCR to generate two products that were fused together using complementary 
overhanging primer sequences. The final fusion product contained 234 bp (78 aa) of the 
5’end and 66 bp (22 aa) of the 3’ end of the NpF1278 gene along with the adjacent 
flanking regions but lacked the internal part of the gene (552 bp), rendering it 
nonfunctional. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Fusion PCR. The blue represents the NpF1278 gene and black represents the 
adjacent flanking sequence. 5’ primer overhang modifications are labeled with either 
the restriction enzyme site (green) or with Com. reg (red), the complementary region on 
the 1278.2 and 1278.3 primers that anneal to form the fused product. 
 
 
To construct the fusion product, two smaller products (product 1 and 2) were 
amplified from N. punctiforme genomic DNA using four different primers (Table 1). 
Primers 1278.1 F and 1278.2 R were used as forward (F) and reverse (R) primers, 
respectively, to form product 1 (801 bp) that comprises the upstream portion of 
NpF1278 (234 bp) and the adjacent genomic region. Product 2 (753 bp) was constructed 
following the same principle with primers 1278.3 F and 1278.4 R, but comprised 66 bp 
of the downstream portion of NpF1278 and the adjacent genomic region. For standard 
PCR reaction, 20-60 ng of genomic DNA was used in 25 µl reaction mixtures consisting of 
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0.4 µM of each primer, 5 µl 5X OneTaq DNA polymerase buffer, 200 µM dNTPs, and 
0.125 µl OneTaq DNA polymerase (New England Biolabs). PCR was performed in a 
T100TM Bio-Rad thermal cycler with the following parameters: 95 oC for 5 minutes, then 
35 cycles of 94 oC for 30 seconds, either 55 oC for product 1 or 61 oC for product 2 for 30 
seconds, and 72 oC for 1 minute followed by a final extension at 72 oC for 10 minutes. 
PCR products were confirmed on 1% agarose gels as described above. 
 
 
  Table 1. Primers used in fusion PCR  
Primer 
Name 
Primer Sequence 
(5’-3’) 
Melting 
Temperature 
(Tm, oC) 
Product 
Size (bp) 5’ Modification 
1278.1 F 
tacatgctcgagaa
cagcctgcatagac
aaaaa  
57.6 
801 
Xhol 
1278.2 R 
aacgtcgtgatgga
aaactcttgccgta
agatcttgg  
60.2 Complementary 
sequences for fusion 
1278.3 F 
agttttcccagtca
cgacgttcgccaac
atcacggtttacct  
59.9 
753 
Complementary 
sequences for fusion 
1278.4 R 
ggagtaggatcccg
acttggcagttatg
ctga  
60.0 BamHl 
1278.1 
F_nested 
tacatgctcgaggc
aataaaatattctc
cctctgg  
58.2 
1450 
Xhol 
1278.4 
R_nested 
ggattaggatcctt
cacagccaatttcc
catt  
64.2 BamHl 
1278.5 attcttctctaaggcagaagcaga 55.7 n/a n/a 
1278.6 atagatttgttagctgggaacgc 55.3 n/a n/a 
1278.7 ctgacaacggttttgctggt 56.1 n/a n/a 
1278.8 ttacgtaagggcagggtgga 58.1 n/a n/a 
   * Italicized and underlined sequences represent restriction enzyme sites or the    
complementary fusion sequences where noted. 
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Following confirmation of product 1 and product 2, fusion of the products using 
the complementary sequences engineered onto primers 1278.2 and 1278.3 was 
performed in two steps using a high-fidelity polymerase (PFU). For the first step, PCR 
was done to anneal the overlapping complementary sequences of product 1 and 
product 2 without additional primers. These 50 µl reaction mixtures consisted of 10 µl 
5X PFU HF buffer, 0.5 µl PFU DNA polymerase (Finnzymes Thermo Scientific), 200 µM 
dNTPs, and PCR products 1 and 2 (1:1). Both low (0.5 µl of each product) and high (2.5 µl 
of each product) template volumes were tested. PCR was performed with the following 
parameters: 94 oC for 5 minutes, 15 cycles of 98 oC for 3 minutes, 55 oC for 30 seconds 
and 72 oC for 1 minute followed by extension at 72 oC for 10 minutes. The second step 
of fusion PCR was done to further amplify the fused product (Shevchuk et al., 2004) (Lu, 
2005). These reactions totaled 50 µl and were performed with 20 µl unpurified products 
from both the low and high template volumes from step 1, 0.5 µl PFU DNA polymerase, 
10 µl 5X PFU HF buffer, 200 µM dNTPs, and 0.4 µM of each primer 1278.1 F and 1278.4 
R. This PCR was performed with the following parameters: 98 oC for 5 minutes, then 30 
cycles of 98 oC for 30 seconds, 55 oC for 30 seconds, and 72 oC for 1 minute followed by 
extension at 72 oC for 10 minutes. PCR was confirmed on 1% agarose gels as described 
above. 
Since the previous protocol did not yield the desired product, fusion PCR was 
repeated with the same PCR reaction components and conditions except that the 
denaturation cycle for step 1 was changed to 1 minute instead of 3 minutes. In a third 
attempt to get the fused product, the experiment was repeated using a new batch of 
genomic DNA. This time PCR products 1 and 2 were made using PFU HF buffer and the 
high-fidelity PFU DNA polymerase instead of the OneTaq DNA polymerase used before. 
To get these PCR products, annealing temperatures of 55 oC and 61 oC were used for 
PCR product 1 and 2, respectively; all other conditions were the same as described 
above. 
To fuse PCR products 1 and 2, OneTaq DNA polymerase was used instead of PFU 
DNA polymerase. OneTaq DNA polymerase adenylates the 3’ end (A- tailing) of the 
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fusion product which facilitates insertion of the product into the pGEM®-T vector 
(Promega) containing complementary T-overhangs at the insertion site. For the first 
step, 50 µl reaction mixtures consisted of 10 µl 5X OneTaq DNA polymerase buffer, 0.25 
µl OneTaq DNA polymerase, 200 µM dNTPs, and PCR products 1 and 2 (1:1). Both low 
(0.5 µl of each product) and high (2.5 µl of each product) template volumes were tested. 
PCR was performed with the following parameters: 94 oC for 5 minutes, 20 cycles of 98 
oC for 30 seconds, 56 oC for 30 seconds and 72 oC for 1 minute followed by extension at 
72 oC for 10 minutes. For the second step, the reactions totaled 50 µl and were 
performed with 20 µl unpurified products from both the low and high template volumes 
from step 1, 0.25 µl OneTaq DNA polymerase, 6 µl 5X OneTaq DNA polymerase buffer, 
200 µM dNTPs, and 0.4 µM of each primer 1278.1 F and 1278.4 R. This PCR was 
performed with the following parameters: 94 oC for 5 minutes, then 35 cycles of 94 oC 
for 30 seconds, 56 oC for 30 seconds, and 72 oC for 1 minute followed by extension at 72 
oC for 10 minutes. Fused PCR products were confirmed by their size of 1554bp on a 1% 
agarose gel. Products of the appropriate size were purified with the UltraClean PCR 
Purification Kit (MoBio Laboratories Inc.) prior to ligation into the pGEM ®-T vector. 
 
Insertion of the Fusion Product into the pGEM ®-T Vector and Selection of Colonies 
pGEM®-T vectors (Promega) are linearized with a single 3’-terminal thymidine at 
both ends resulting in T-overhangs at the insertion site. Ligation reactions consisted of 1 
µl water, 5 µl 2X ligase buffer, 1 µl pGEM®-T vector DNA, 2 µl fused PCR product, and 1 
µl T4 DNA ligase (Promega). A positive control ligation reaction was performed using the 
control insert DNA provided by the manufacturer instead of the fused PCR product. 
Reactions were incubated overnight at 4 oC before transformation. 
Following ligation, plasmids were transformed into the chemically-competent E. 
coli DH5α-MCR strain (Grant et al., 1990). Transformation was done by adding 2 µl of 
the ligation reaction to 50 µl of chemically-competent cells (Appendix A.1). These were 
incubated on ice for 30 minutes and then exposed to heat shock in a water bath at 42 ⁰C 
for 45 seconds, allowing the plasmids to enter into the competent cells. The cells were 
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then incubated for three minutes on ice and then mixed with 950 µl of SOC media. After 
1.5 hours of shaking incubation at 37 ⁰C, 100 µl cells were plated onto LB media with 
100 µg ml-1 ampicillin, 0.5 mM IPTG, and 80 µg ml-1X-gal and incubated at 37 ⁰C 
overnight. 
The pGEM®-T vector carries a gene for ampicillin resistance (ampR) and the lacZ 
gene which codes for the enzyme β-galactosidase. Cloning into pGEM®-T involves 
insertional inactivation of β-galactosidase (LacZ) and allows for screening of successful 
recombinants based on their lack of β-galactosidase activity and inability to breakdown 
the lactose analogue X-gal. The cleaving of X-gal by β-galactosidase produces a deep 
blue colored product. Thus, the non-recombinant cells will retain the ability to 
synthesize β-galactosidase and will form blue colonies while successful recombinants 
with a disrupted lacZ gene will form white colonies. IPTG is added to the media to 
induce the expression of LacZ and ampicillin is added for the selection of colonies which 
contain the pGEM®-T vector (ampR gene). Ten random white colonies were selected and 
screened by colony PCR using primers 1278.1 F and 1278.4 R. For this, colonies were 
removed from the plates with 10 µl pipette tips and mixed into 20 µl of PCR water. For 
each 25 µl colony PCR reaction, 2 µl of suspended cells from each colony was used as 
template along with 0.4 µM of each primer, 5 µl 5X OneTaq DNA polymerase buffer, 200 
µM dNTPs, and 0.125 µl OneTaq DNA polymerase. PCR was performed with the 
following parameters: 95 oC for 5 minutes, then 35 cycles of 94 oC for 30 seconds, 56 oC 
for 30 seconds, and 72 oC for 1 minute followed by a final extension at 72 oC for 10 
minutes. 
To further confirm the insertion of the fusion product into the pGEM®-T vector, 
nested PCR was performed on purified plasmids from colonies chosen above following 
colony PCR. Plasmids were isolated using the UltraClean Standard Mini Plasmid Prep Kit 
(MoBio Laboratories) and used as the template in a standard PCR reaction with the 
1278.1 F_nested and 1278.4 R_nested primers (0.4 µM concentration). These 25 µl 
reactions also contained 5 µl 5X OneTaq DNA polymerase buffer, 200 µM dNTPs, and 
0.125 µl OneTaq DNA polymerase. Reaction conditions were same as described above 
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for colony PCR. Products of 1449 bp (fusion product amplified with nested primers) 
were confirmed through gel electrophoresis on 1% agarose gels. 
 
Sequencing of the Plasmids 
pGEM®-T plasmids with the inserted fusion product of the altered NpF1278 
gene, p∆NpF1278, were isolated using the phenol:chloroform method (Appendix A.2) 
and confirmed through gel electrophoresis. Plasmids were then sent to the Arizona 
State University DNA Sequencing Facility and sequenced using primers M13 F and M13 R 
as afforded by priming sites on pGEM®-T.  
 
Insertion of the NpF1278 Fusion Product into pRL278 and Selection of Colonies 
Both p∆NpF1278 and the N. punctiforme conjugation vector pRL278 (Cai & Wolk, 
1990, Black et al., 1993) were cut by the restriction enzymes BamHI and Xhol to 
generate compatible ends for directional cloning. For this, 20 µl digestion reactions 
consisted of 2 µl 10X Fast Digest buffer, 2 µl of plasmid DNA, and 1 µl of each enzyme, 
BamHI and XhoI (Thermo Scientific), and were incubated at 37 oC in a thermal cycler for 
one hour followed by inactivation of the enzymes at 80 oC for 5 minutes. The pRL278 
plasmid has previously been used in cyanobacteria for conjugation (Black et al., 1993) 
and contains a kanamycin resistance, kanR, gene and a sacB cassette, which confers 
sensitivity to sucrose (Table 2). 
T4 DNA ligase (Promega) was used for ligation of the excised ∆NpF1278 insert 
and linearized pRL278 vector using insert: vector molar ratios of 1:1, 3:1, and 5:1. These 
10 µl ligation reactions consisted of 1 µl 10X ligase buffer, insert and vector DNA at the 
ratios noted above, and 1 µl T4 DNA ligase.  Reactions proceeded at 4oC for overnight. 
Following ligation, plasmids were transformed into E. coli UC585 cells as described 
above. The UC585 strain contains plasmid genes for chloramphenicol resistance (cmR) 
and ampicillin resistance (ampR) to facilitate selection following conjugation (Liang et al., 
1993). The cells were plated onto LB agar with 50 µg ml-1 kanamycin, 10 µg ml-1 
chloramphenicol, and 50 µg ml-1 ampicillin and were incubated overnight at 37 ⁰C. Ten  
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 Table 2. Bacterial strains and plasmids used in conjugation 
Strain or Plasmid Relevant Characteristics* References 
Strains 
E. coli 
DH5a-MCR 
UC585 
 
 
 
 
Nostoc punctiforme 
ATCC 29133 
ATCC 29133-S 
 
 
 
Competent cells 
Contains pRK24 (mobilizes 
shuttle vectors) and pRL528 
(methylated to protect against 
nucleases); cmR, ampR 
 
 
Wild type (scytonemin-producer) 
Conjugation strain 
 
 
(Black et al., 1993) 
(Liang et al., 1993) 
 
 
 
 
 
(Rippka et al., 1979) 
D. Risser (personal 
communication) 
Plasmids 
pGEM®-T Easy 
Vector 
 
pRL278 
 
Cloning vector (ampR, IPTG, lacZ) 
 
kanR, sacB   
 
Promega 
 
(Elhai & Wolk, 1988) 
   *kanR, kanamycin-resistant; cmR, chloramphenicol-resistant; ampR, ampicillin-resistance; sacB, 
sensitivity to sucrose  
 
colonies were randomly screened by colony PCR, as described above, using nested 
primers 1278.1F_nested and 1278.4R_nested.  Digestion reactions with BamHI and XhoI 
were performed as described above on plasmids from colonies identified as positive 
through colony PCR in order to determine the presence of NpF1278 fusion inserts in the 
pRL278 vector. Plasmids with inserts of the correct size, as determined by 1% gel 
electrophoresis, were sequenced using nested primers 1278.1 F_nested and 1278.4 
R_nested and analyzed as described above. Furthermore, sucrose sensitivity of the E. 
coli strains with pRL278, conferred by the sacB cassette on pRL278, was confirmed by 
streaking onto LB plates with 5% sucrose and 50 µg ml-1 kanamycin. 
 
Transformation of pRL278+ ∆NpF1278 into E. coli UC585 
Plasmids of pRL278 containing the fusion insertion product ∆NpF1278 were 
transformed into chemically competent E. coli UC585 cells following the same 
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procedures for transformation as described above. Transformation was confirmed by 
colony PCR using nested primers 1278.1F_nested and 1278.4R_nested as describe 
above. 
 
Conjugation into N. punctiforme 
For conjugation, N. punctiforme ATCC 29133-S was used as the cyanobacterial 
recipient strain which is compatible for conjugation and the E. coli conjugal strain UC585 
carrying pRL278 and the fusion product ∆NpF1278 was the donor (Table 2). A 500 ml 
culture of N. punctiforme in AA/4+N medium at a density of approximately 3 µg chl a ml-
1 was used for conjugation. Chlorophyll a levels were assessed with a methanol 
extraction. For this, a 10 ml aliquot of the cyanobacterial culture was pelleted and 9 ml 
supernatant was removed and replaced by 9 ml 100% methanol, making a 90% 
methanol, final concentration, solution for extraction. Pigments were extracted in the 
dark for five minutes at room temperature and the absorbance at 665 nm was 
multiplied by 12.7 based on the extinction coefficient to determine the chlorophyll a 
concentration (Meeks & Castenholz, 1971). Using this value, the N. punctiforme culture 
was concentrated through centrifugation to approximately 250 µg chl a ml-1 and 200 µl 
aliquots were distributed into six Eppendorf tubes. 
E.coli strain UC585 with pRL278 and the fusion product was grown to an OD600 of 
approximately 0.6 in LB broth with kanamycin, ampicillin, and chloramphenicol at the 
concentrations noted above. Cells were prepared by spinning and washing twice in fresh 
LB broth with a final resuspension in 1200 µl LB. From this, 200 µl of E.coli cells were 
added to each 200 µl N. punctiforme aliquot prepared above. The cells were mixed 
gently with a pipette to minimize damage to conjugation pili and were kept at room 
temperature for an hour. The cells were then spread plated onto six AA/4+N+0.5% LB 
plates. Plates were then placed face-up under low light (30 µmols photons m-2 s-1) 
overnight. On the second day, cells were transferred onto AA/4+N plates using a 
pipette. For this, 1 ml AA/4+N media was added to each plate to gather the cells with a 
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pipette for transfer to the new plates. These plates were kept under the same low light 
for two days and then transferred to higher light (50 µmols photons m-2 s-1) for two 
additional days. Following this, the cells were transferred onto AA/4+N with neomycin 
(25 µg ml-1) plates using a pipette as describe above. These plates were kept under low 
light overnight and transferred to higher light the next day. N. punctiforme single-
recombinant mutant colonies appeared after approximately three to four weeks (Cohen 
et al., 1998). 
 
Selection and Purification of ∆NpF1278 Mutant Colonies 
 Single-recombinants on AA/4+N+Nm plates were selected and allowed to grow 
in liquid of the same media for biomass accumulation. To obtain double-recombinants 
(loss of the pRL278 vector), cells were then plated onto AA/4+N with 5% sucrose plates. 
Presence of the pRL278 vector in single-recombinants confers sensitivity to sucrose as 
afforded by the sacB cassette. Loss of the vector, as in the case of double-recombinants, 
reestablishes the sucrose resistance phenotype (Cai & Wolk, 1990). These plates were 
incubated under low light  for two days and then transferred to high light until double-
recombinant colonies appeared (Cohen et al., 1998).  
 
Screening of ∆NpF1278 Mutant Colonies 
Double-recombinant colonies were preliminarily screened by the ability to grow 
on 5% sucrose. Furthermore, their sensitivity to chloramphenicol (10 µg ml-1) was 
confirmed prior to genetic analysis. Genomic DNA from double-recombinant colonies 
were screened for the deletion of the central region of NpF1278 through PCR using 
primers 1278.5, 1278.6, 1278.7, and 1278.8 (Table 1). Primers were designed to amplify 
from the N. punctiforme genome into the fusion PCR product sequence in the upstream 
and downstream regions of NpF1278. The expectation was that products from the wild 
type would be longer for these regions than products from the mutant strains, since 
they lacked 552 bp of NpF1278. Several PCR reactions were performed using the above 
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four primers since there were three pairs of primers and each pair was performed on 
both wild type and mutant DNA (Table 3). Products for primers 1278.5 and 1278.8 
should be 1754 bp and 1202 bp for the wild type and mutant, respectively, products for 
primers 1278.7 and 1278.6 should be 1596 bp and 1044 bp for the wild type and 
mutant, respectively; products for primers 1278.5 and 1278.6 should be 2410 bp and 
1858 bp for the wild type and mutant, respectively, and products for primers 1278.7 and 
1278.8 should be 940 bp and 388 bp for the wild type and mutant, respectively. For 
each standard PCR reaction, 20-60 ng of genomic DNA was used in 25 µl reaction 
mixtures consisting of 0.4 µM of each primer, 5 µl 5X OneTaq DNA polymerase buffer, 
200 µM dNTPs, and 0.125 µl OneTaq DNA polymerase. PCR was performed in a T100TM 
Bio-Rad thermal cycler with the following parameters: 95 oC for 5 minutes, then 35 
cycles of 94 oC for 30 seconds, 55 oC for 30 seconds, and 72 oC for 1 minute followed by 
a final extension at 72 oC for 10 minutes. Products were assessed by gel electrophoresis 
and sequenced as described above using the forward primer that was used to generate 
the original product. Sequences were edited using the software program Chromas Lite 
and aligned to the wild type gene in MEGA 6 (www.megasoftware.net) to confirm that 
they were correct products before proceeding. 
 
 Table 3. Primers used for screening of ∆NpF1278 mutant colonies 
Primer Pairs* Product Size for the Wild Type (bp) 
Product Size for the 
∆NpF1278 Mutant (bp) 
1278.5+1278.8 1754 1202 
1278.7.b+1278.6 1596 1044 
1278.5+1278.6 2410 1858 
1278.7.b+1278.8 940 388 
   *See Table 1 for primer details. 
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Scytonemin Extraction and Assessment of the ∆NpF1278 Mutant 
The N. punctiforme ΔNpF1278 mutant strain and wild type were exposed to 
white light only (33 µmols photons m-2 s-1) and white light supplemented with UVA (6 W 
m-2) for one week to assess scytonemin production. Cells were then spun at 13,000 rpm 
and 5 mg of the pellets were transferred to acetone to obtain a final concentration of 5 
mg cells ml-1 acetone. Cells transferred to a glass tissue grinder and were ground by 
hand and pigments were allowed to extract in acetone overnight at 4 0C in the dark. The 
overnight extracts were spun and were scanned through spectrometer in the 350 to 750 
nm range to detect scytonemin that absorbs at 384 nm (Garcia-Pichel et al., 1992). 
 
Results 
Genomic DNA Isolation 
N. punctiforme genomic DNA was isolated from batch cultures and the presence 
of high molecular weight DNA was confirmed on a 1% agarose gel (Figure 7). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Genomic DNA isolation. Lane 1: molecular mass standard, lanes 2-7: replicate 
genomic DNA extractions. 
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Construction of the ∆NpF1278 Fusion PCR Product 
The upstream and downstream regions from NpF1278, product 1 (801 bp) and 
product 2 (753 bp), respectively, were generated through standard PCR (Figure 8). These 
products were then annealed together through fusion PCR to obtain a product of 1554 
bp (Figure 9). Products 1 and 2 were not fused in the first two attempts (Figure 9A). Very 
faint fusion products were found after the denaturation temperature was changed, with 
unfused products displaying brighter bands than fused products (Figures 9B and 9C). 
Brighter fusion products were obtained when the process was repeated using PFU DNA 
polymerase for constructing product 1 and 2 and OneTaq DNA polymerase was used for 
constructing the fusion product (Figure 9D, lanes 2, 3). 
 
 
 
Figure 8: Construction of PCR products 1 and 2 for fusion PCR. Lane 1: molecular mass 
standard, lane 5: no template control reaction. A) Lanes 2-4: replicates of PCR product 1 
(801 bp). B) Lanes 2-4: replicates of PCR product 2 (753 bp). 
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Figure 9: Construction of ∆NpF1278 fusion products. Lane 1: molecular mass standard. 
A) No bands for fusion products were found at expected size of 1554 bp. B) Unfused PCR 
products were found but no bands for fusion products were found at the expected size 
of 1554 bp. C) Lanes 2, 3: faint fusion PCR products at 1554 bp and unfused PCR 
products 1 and 2 were found at 801 bp and 753 bp for less and more template of PCR 
products, respectively. D) Lanes 2-5: fusion PCR products using less and more template 
of PCR products from step 1, respectively, generated with OneTaq DNA polymerase 
(lanes 2, 3) or PFU DNA polymerase (lanes 4, 5). 
 
 
Confirmation of Insertion of the Fusion Product into the pGEM®-T Vector 
Following ligation and transformation of the pGEM®-T vector, ten colonies were 
selected for confirmation by colony PCR. From these, four were positive and contained 
the 1554 bp fusion product insert. Following extraction of the purified plasmids from 
these clones, PCR was used to further validate these products (Figure 10). 
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Figure 10: Confirmation of the fusion inserts in the pGEM®-T vector. Lane 1: molecular 
mass standard. A) Lanes 2, 8, 9, 11: products from positive clones showing inserts of 
1554 bp after colony PCR, lanes 3-7, 10: inserts were not present in these clones. B) 
Lanes 2-5: PCR products from plasmids extracted from the positive colonies identified in 
A. 
 
Excision from pGEM®-T and Restriction Digestion of pRL278  
Following confirmation of insertion into pGEM®-T vector, the fusion products 
were excised from the vector using BamHI and XhoI restriction enzymes to further 
confirm the insertion. Prior to ligation of the fusion products into pRL278, the vector 
was cut by the same restriction enzymes. Digestion of pGEM®-T and pRL278 
was repeated since the inserts were not confirmed. Fusion products were confirmed 
after digestion of the pGEM®-T vector with BamHI and XhoI and pRL278 was also 
digested with the same enzymes (Figure 11).  
 
Ligation into pRL278 
 Following ligation and transformation of the pRL278 vector, nineteen colonies 
were selected for confirmation by colony PCR using nested primers 1278.1F_nested and 
1278.4R_nested and three were found positive and contained the 1554 bp fusion 
product insert (Figure 12).  
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Figure 11. Excision of fusion products from pGEM®-T and restriction digestion of 
pRL278. Lane 1: molecular mass standard. A) pGEM®-T; lanes 3-4: very faint bands for 
the fusion product insert at 1554 bp and for the pGEM®-T vector at 3000 bp; lanes 2, 5: 
empty; lane 6: uncut pGEM®-T vector with the fusion insert. B) pRL278; lanes 3-4: bands 
for the cut pRL278 at 5000 bp; lanes 2,5: empty; lane 6: uncut pRL278 vector. C) pGEM®-
T and pRL278; lanes 2-3: pGEM®-T cut with BamHI and XhoI, linearized pGEM®-T is 3000 
bp and the ∆NpF1278 fusion insert is 1554 bp; lanes 4-5: pRL278 cut with BamHI and 
XhoI, linearized pRL278 is 5941 bp; lane 6: uncut control pGEM®-T; lane 7: uncut control 
pRL278 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Confirmation of the fusion inserts in the pRL278 vector by colony PCR. Lane 1: 
molecular mass standard. A) Lanes 2-13: no positive clones; lane 14: product from one 
positive clone showing the insert of 1554 bp after colony PCR. B) Lanes 3, 6: products 
from positive clones. 
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Confirmation by Digestion 
 Presence of the ∆NpF1278 fusion inserts in pRL278 from positive clones was 
further confirmed by restriction digestion of three purified plasmids from the positive 
clones identified above. Insertion products were confirmed by the presence of bands at 
5941 bp and 1554 bp representing the linearized pRL278 and ∆NpF1278 fusion product, 
respectively, for all three clones following digestions with BamHI and XhoI (Figure 13). 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Confirmation of ∆NpF1278 fusion inserts in pRL278 following restriction 
digestion. Lane 1: molecular mass standard; lanes 2, 4, 6: plasmids cut with BamHI and 
XhoI, linearized pRL278 is 5941 bp and the ∆NpF1278 fusion insert is 1554 bp; lanes 3, 5, 
7: uncut plasmids from the same clones. 
 
 
Construction and Confirmation of the N. punctiforme ∆NpF1278 Mutant Strain 
 Transformation of pRL278 containing the ∆NpF1278 fusion insert into the UC585 
E. coli strain was confirmed by colony PCR using nested primers 1278.1F_nested and 
1278.4R_nested (Figure 14). It is unknown why the clone assayed in lane 7 of Figure 14 
was poorly amplified. The clone in lane 6 was randomly chosen and confirmed by 
sequencing for use in conjugation. The ∆NpF1278 fusion product was transferred from 
UC585 into N. punctiforme through conjugation to generate mutant strains. Thirty-five 
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colonies were obtained on agarose plates of AA/4+N with 25 µg ml-1 neomycin following 
conjugation, among which only one survived after a very small amount of the colony 
was transferred to the same medium in liquid form. This colony was further grown in 
100 µg ml-1 neomycin for two weeks to obtain biomass of the single-recombinant strain. 
After that, a very small amount of the culture was transferred to AA/4+N without 
selection and was shaken under light for two additional weeks. Following this, the cells 
were plated onto AA/4+N with 5% sucrose plates to identify double-recombinant 
strains. Double recombinants were screened by PCR using primers 1278.5, 1278.6, 
1278.7, and 1278.8 (Figures 15-16) and confirmed by sequencing (Appendix B).  
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Confirmation of ∆NpF1278 fusion inserts from plasmids transformed into E. 
coli UC585 by colony PCR. Lane 1: molecular mass standard; lanes 2-11: positive clones 
with the ∆NpF1278 fusion insert. 
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Figure 15. Priming sites on the N. punctiforme genome used to confirm the ∆NpF1278 
genotype. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Confirmation of the N. punctiforme ∆NpF1278 mutant strain by PCR. Lane1: 
molecular mass standard. A,B) Assessment of mutant strains from two different 
cultures. Even-numbered lanes are products amplified from N. punctiforme wild type 
DNA and odd-numbered lanes are products amplified from ∆NpF1278 mutant strains. 
Lanes 2-3: products from primers 1278.5 and 1278.8, lanes 4-5: products from primers 
1278.7 and 1278.6, lanes 6-7: products from primers 1278.5 and 1278.6. A) Lane 8: 
positive control using primers 1278.5 and 1278.8. B) Lanes 8-9: products from primers 
1278.7 and 1278.8, lane 10: positive control products from primers 1278.1 and 1278.2 
with wild type genomic DNA as the template, lane 11: negative control as in lane 10 
except with water as the template. 
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Assessment of the NpF1278 Mutant Strain Phenotype 
Following UVA exposure of the N. punctiforme wild type and NpF1278 mutant 
strains for one week, lipid‐soluble pigments were extracted in acetone and assayed 
using a spectrometer. The wild type extract had a strong absorbance peak at 384 nm, 
which is indicative of scytonemin, while the mutant strain lacked this peak (Figure 17). 
Other peaks represented include those for chlorophyll a (435 and 665 nm) and 
carotenoids (various peaks from 400 to 600 nm). 
 
 
 
 
 
 
 
 
 
 
Figure 17. Lipid‐soluble pigments following UVA exposure for the N. punctiforme wild 
type and NpF1278 mutant strains. Solid line represents wild type and dotted line 
represents mutant. Absorbance at 384 nm indicates scytonemin production in the wild 
type and the absence of scytonemin in the mutant strain. 
 
Discussion 
A conserved putative two‐component regulatory system (TCRS; NpF1277 and 
NpF1278) has been identified upstream and adjacent to the scytonemin cluster in 
Nostoc punctiforme ATCC 29133 (Soule et al., 2009) and in over ten other strains of 
cyanobacteria. Therefore, it is likely that the putative TCRS is involved in scytonemin 
production in N. punctiforme. In this study, it was hypothesized that if the response 
regulator NpF1278 regulates the scytonemin gene cluster, there will be a change in the 
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production of scytonemin when the gene is deleted from the genome following UVA 
radiation. To test the hypothesis, NpF1278 was knocked out using an in-frame marker-
less deletion fragment of NpF1278 inserted through conjugation from E.coli into N. 
punctiforme and the mutant strain was assessed for scytonemin production following 
UVA radiation using spectroscopy. Through this, it was shown that the mutant strain 
ΔNpF1278 is incapable of producing scytonemin following UVA radiation (Figure 17).  
In this study, the truncated fragment of NpF1278 was generated by fusion PCR. 
Two sets of primers were used to create two separate gene products containing 234 bp 
(78 amino acids) of the 5’ end and 66 bp (22 amino acids) of the 3’ end of the NpF1278 
gene for product 1 and product 2, respectively. Each of the primer sets had a 5’ 
modification with complementary sequences of 21 bp that annealed in the first step of 
fusion PCR. The fused product was then amplified in the second step of fusion PCR using 
primers 1278.1 and 1278.4 (Yon & Fried, 1989, Shevchuk et al., 2004, Lu, 2005).  During 
this step, difficulties were encountered. Initially the unfused PCR products 1 and 2 were 
found to have brighter bands than the fused product in gel electrophoresis. 
Modifications in the PCR reactions and in the thermal cycling parameters were made to 
obtain the fused products. Eventually, a fusion product of 1554 bp was generated by 
fusion PCR (Figure 9) that contained only 300 bp out of the 852 bp of the NpF1278 gene 
as well as the adjacent regions in the genome. This was accomplished using OneTaq 
DNA polymerase that adds 3’ A-tail to the PCR products to facilitate cloning into the 
pGEM®-T vector. The fused products were excised from the pGEM®-T vector with 
restriction enzymes following confirmation by colony PCR and sequencing. After this, 
directional cloning was successfully performed of the excised fusion product into 
pRL278.  
To insert the truncated fusion product into the N. punctiforme genome, tri-
parental conjugation was performed initially using E. coli DH5α containing pRL278 
plasmid and E. coli HB101 containing pRK2013 (Cohen et al., 1998). However, 
conjugation was unsuccessful after several attempts. Biparental conjugation was 
performed successfully using E. coli strain UC585 that contains pRK24 plasmid for 
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facilitating mobilization of the shuttle vectors and plasmid pRL528, for protecting 
against the restriction enzymes AvaI and AvaII using methylases (Liang et al., 1993). 
Double recombinant colonies were selected from agar plates containing sucrose 
since the double recombinants were sucrose resistant while the single recombinants 
were sucrose sensitive as afforded by the sacB cassette on pRL278. Mutant colonies 
were also screened by PCR using four primers: 1278.5, 1278.6, 1278.7, and 1278.8.  
Deletion of 552 bp was confirmed for three different primer pairs except for primer pair 
1278.7+1278.6, for which the wild type and mutant strain yielded the same sized 
products as assessed through 1% agarose gel electrophoresis. A possible reason for this 
result might be the presence of a homologous gene that amplified the sequences using 
this primer set in the genome of N. punctiforme. Following confirmation by PCR, 
scytonemin production was assessed by spectroscopy after exposure to UVA radiation 
(Figure 17). 
Several experiments can be done with the mutant strain ΔNpF1278 in the future. 
Examples include measuring expression of the scytonemin biosynthetic genes following 
UVA exposure and identifying other genetic elements or pathways that can be affected 
by ΔNpF1278 under different environmental conditions using transcriptomics.
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CHAPTER 3: INTERACTION OF THE NPF1278 RESPONSE REGULATOR PROTEIN WITH THE 
PROMOTER REGION OF THE SCYTONEMIN BIOSYNTHETIC GENE CLUSTER IN NOSTOC 
PUNCTIFORME ATCC 29133 
 
 
 
Introduction 
The scytonemin biosynthetic gene cluster is composed of 18 contiguous genes, 
which are adjacent to a putative two-component regulatory system (TCRS) in Nostoc 
punctiforme. The response regulator (RR) in this TCRS, NpF1278, has been shown to be 
associated with the scytonemin biosynthetic gene cluster (see Chapter 2). One function 
of RRs is to activate transcription by binding to the promoter region of a transcriptional 
unit (Bulyk, 2004). Based on this premise, the objective of this study is to observe the 
interaction the NpF1278 protein with the promoter region of the scytonemin gene 
cluster and of a related “satellite“ gene cluster associated with scytonemin biosynthesis 
in N. punctiforme (see Figure 4, Chapter 1) (Soule et al., 2009). The electrophoretic 
mobility shift assay (EMSA) was used in this study and serves as a fast and sensitive 
technique to identify protein-nucleic acid interactions (Fried, 1989). This is based on the 
expectation that during gel electrophoresis, the mobility of a protein-nucleic acid 
complex is usually slower than that of the free protein and nucleic acid, resulting in a 
higher molecular weight product than the unbound fragments. The bound complex will 
then appear as a higher molecular weight “shifted product” on the gel when compared 
to the unbound fragments (Hellman & Fried, 2007). 
 Previous experiments using 5’ Rapid Amplification of cDNA Ends (RACE) assays 
found that the transcriptional start site (TSS) of the scytonemin gene cluster is 227 bp 
upstream of the first gene in the cluster, scyA (NpR1276). Additionally, the TSS of the 
satellite gene cluster was found to be 44 bp upstream of the first gene of the satellite 
gene cluster (NpF5232; data not shown). For the EMSAs, two separate DNA probes, SPA 
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and SPB for the scytonemin and satellite gene clusters, respectively, were used to target 
the regions upstream of each TSS, which are hypothesized to be near each promoter 
region. EMSAs were performed on purified NpF1278 proteins against each DNA probe 
using native polyacrylamide gel electrophoresis. Gels were first stained with SYBR Green 
to visualize DNA and then with SYPRO Ruby to visualize the protein (Figure 18). While a 
shift to a higher molecular weight product is expected if binding occurs between the 
protein and DNA, the absence of binding does not exclude the possibility that NpF1278 
interacts with one or both of these DNA regions. As such, several explanations and 
alternative approaches will also be discussed.  
 
Figure 18: Electrophoretic Mobility Shift Assay (EMSA). A) Illustrated reproduction 
showing both protein and DNA. B) EMSA DNA stain with SYBR Green showing only DNA. 
C) EMSA protein stain with SYPRO Ruby showing only protein. 
 
Materials and Methods 
Development of a Blunt-end PCR Product for TOPOR Cloning 
A blunt-end PCR product of NpF1278 (852 bp), consisting of the entire gene from 
start codon to stop codon, was amplified from N. punctiforme genomic DNA using 
1278protF and 1278protR primers (Table 4) for downstream protein expression. To 
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facilitate directional cloning into the pET TOPOR vector (Life Technologies), the forward 
primer was designed with an additional CACC at the 5’ end and the complementary 
sequence to the 5’ overhang GTGG on the vector was avoided in the design of the 
reverse primer, although this was not an issue in our targeted region. Each 25 µl PCR 
reaction consisted of 20-60 ng of genomic DNA, 0.4 µM of each primer, 5 µl 5X PFU DNA 
polymerase buffer, 200 µM dNTPs, and 0.25 µl PFU DNA polymerase (Finnzymes 
Thermo Fisher Scientific). PCR was performed in a T100TM Thermal Cycler (Bio-Rad) with 
the following parameters: 98 oC for 5 minutes, then 35 cycles of 98 oC for 30 seconds, 50 
oC for 30 seconds, and 72 oC for 1 minute followed by a final extension at 72 oC for 10 
minutes. PCR products were confirmed on 1% agarose gels stained with EZVision 
(AmrescoR). Electrophoresis was performed in 1X TAE buffer at 100 V for 30 minutes and 
fragment size was compared to a molecular mass standard (GeneRulerTM 1kb Plus DNA 
Ladder, Thermo Scientific). Products of the appropriate size were purified with the 
UltraClean PCR Purification Kit (MoBio Laboratories Inc.) and quantified using a 
Nanodrop spectrophotometer (Thermo Scientific) prior to cloning into the pET TOPOR 
vector. 
 
Cloning into the pET TOPOR Vector and Transformation into TOP10 Cells 
Blunt-end PCR products of the NpF1278 gene were cloned into the pET TOPOR 
vector to generate plasmid pET1278. Plasmids were transformed into E. coli TOP10 cells 
(Life Technologies) for sequence confirmation prior to protein expression. For TOPOR 
cloning, the NpF1278 PCR product and TOPOR vector were mixed at 0.5:1 and 2:1 ratios, 
respectively. These 6 µl reactions consisted of the PCR product, TOPOR vector, 1 µl salt 
solution (from the kit), and 2.5 or 3 µl sterile water. Reactions were mixed gently by 
pipetting and incubated at room temperature for 5 minutes. The mixture was then 
placed on ice briefly before transformation.  
For transformation of the TOPOR cloning reaction into One ShotR TOP10 
chemically competent E. coli cells, 3 µl of the TOPOR reaction was added to 1 vial of 
competent cells and mixed gently by pipetting. The mixture was incubated on ice for 30 
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minutes. Cells were then heat shocked at 42 oC for 30 seconds without shaking and then 
transferred to ice immediately. 250 µl of room temperature SOC medium was added 
and the mixture was incubated at 37 oC for 1 hour with horizontal shaking. After 
incubation, both 200 µl and 100 µl of the bacterial cultures were plated onto LB plates 
with kanamycin (50 µg ml-1) and incubated overnight at 37 oC. Positive clones, as 
confirmed below, were stored at 4 oC until protein expression and purification. 
 
 Table 4. Primers used in EMSA 
Primer Name Primer Sequence  (5’-3’) 
Melting 
Temperature 
(Tm, oC) 
Product 
Size (bp) Description 
1278protF CACCATGTACGAAT
CGTCAAATAAA 
53.7 
852 NpF1278 gene for protein expression 1278protR CTATTTTTGAGATA
CAAGCTG 
46.7 
1276TSS-37F TTGCATATCAGTTA
TCATCC 
47.2 
60 Smaller EMSA probe, SPA 1276TSS+23R ACAGCAAGTAAGGC
TGTGCT 
57 
5232TSS-35F CACAAAGTATCAAG
TTTAGTGG 
49.3 
68 Smaller EMSA probe, SPB 5232TSS+34R AGGAGAAGTTGCCC
AACTTT 
54.5 
1276TSS-
111F 
TTAGTTTTTCCCTG
CCAACC 
53.2 
199 Larger EMSA probe, SPA 1276TSS+88R AGAAACGGTTGATT
GCTGCT 
55.2 
5232TSS-
111F 
TCTTCTCTAAAATC
GGGAAAAGTT 
52.3 
154 Larger EMSA probe, SPB 5232TSS+43R GATGAATTTCAGGA
GAAGTTGC 
52 
1276intF GGAGAATAACGGGG
GAACTC 
54.9 
 52 Nonspecific EMSA probe, NSPA 1276intR CGTTGCTGGTGTTT
CATCAT 
53.7 
5232intF CTTCTAGCTTTGCC
CCACGA 
57.3 
51 Nonspecific EMSA probe, NSPB 5232intR ATCGAGCGATCGCA
CATACC 
57.3 
    *Primer has been modified at the 5’ end (underlined) to facilitate directional cloning. 
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Confirmation of the NpF1278 PCR Product by Colony PCR 
Prior to sequencing, clones that contained the pET1278 plasmid were 
preliminarily confirmed by colony PCR. For this, the 1278protF and 1278protR primers 
were used to amplify the NpF1278 product from ten random transformed colonies. 
These colonies were removed from the plates with 10 µl pipette tips and mixed into 20 
µl of PCR water. In each 25 µl PCR reaction, 2 µl of the colony mixture was used 
following the same reaction and thermal cycling parameters as described above. 
Products of appropriate size (852 bp) were assessed through 1% agarose gel 
electrophoresis as described above. 
 
Sequencing of the pET1278 Plasmids 
pET1278 plasmids were purified from positive clones and used for sequencing. 
Plasmids were isolated using the UltraClean Plasmid DNA Isolation Kit (MoBio 
Laboratories, Inc.). Inserts were confirmed through PCR on those plasmids prior to 
sequencing, following the same procedures described above. The plasmids were then 
sent to McLab (www.mclab.com) and sequenced by the Sanger sequencing method 
where a single stranded DNA template is copied with chemically-altered bases by adding 
nucleotides to a growing chain. Sequencing was performed using the T7 forward and 
reverse primers based on priming sites on the vector. Sequences were analyzed using 
the software program Chromas Lite to confirm that they were the correct products 
before proceeding. 
 
Transformation into BL21 StarTM (DE3) E. coli Cells for Protein Expression 
One vial of BL21 StarTM (DE3) (Pryor & Leiting, 1997) E. coli cells (Life 
Technologies) was used per transformation. BL21 StarTM (DE3) cells were thawed on ice 
and 10 ng of the pET1278 plasmid was added to each vial. Cells were mixed gently with 
a pipette tip, not by pipetting up and down. Transformation proceeded as described 
above except that instead of plating, the entire reaction was added to 10 ml of LB broth 
with kanamycin (50 µg ml-1)  and grown overnight at 37 oC with shaking. 
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Determination of the Conditions for Optimum Expression of the Npf1278 Protein 
Directional cloning of NpF1278 into the pET TOPOR vector was done so that upon 
expression of the protein, a histidine tag would be fused to the 5’ end of the expressed 
protein to aid in downstream purification. To induce expression of the NpF1278 protein, 
500 µl of the transformed BL21 StarTM (DE3) cells were used to inoculate 10 ml of LB 
containing kanamycin (50 µg ml-1) and grown at 37 oC with shaking to an OD600 of 
approximately 0.6. The culture was then split into two aliquots of 5 ml each. A final 
concentration of 1 mM IPTG was introduced to one aliquot to induce protein expression 
while the other half served as an uninduced control. Both cultures were grown at 37 oC 
with shaking for 0, 2, 5, and 18 hours followed by centrifugation at 13,000 x g for one 
minute after each time point to determine the best induction period for protein 
expression. The supernatants were aspirated and the cell pellets were saved at -20 oC. 
Proteins were also expressed following the same procedures at room temperature and 
at 30 oC to determine the temperature that supported the greatest expression. 
Crude protein was then extracted from the cell pellets by re-suspending in 500 µl 
of cold lysis buffer (Buffer A; see Appendix C for buffer and solution recipes) by 
pipetting. The cells were kept in an ice-cold water bath for 10 minutes in Falcon tubes 
until sonication using a 1/8” microtip sonicator at 40% amplitude with 1 second pulsing 
for 1 minute. Each sample was sonicated three times following the same parameters 
and 50 µl of lysate was removed following each sonication. After sonication, an aliquot 
was removed and the rest of the culture was centrifuged at 13,000 x g for 5 minutes to 
pellet insoluble proteins and the supernatants were carefully removed and kept on ice. 
5 µl of each induced and uninduced protein sample from the lysate as well as the 
supernatant and pellet sonication fractions, were mixed with 5 µl 2X diluted Laemmli 
Sample Buffer (Bio-Rad) and boiled immediately for 5 minutes. Then 10 µl of the 
samples were loaded onto a 10% PAGEr Precast Gel (Lonza) and electrophoresis was 
performed in running buffer containing 10X Tris/ glycine and 0.1% SDS at 120 V for 90 
minutes. The gel was stained in staining solution with gentle shaking overnight. 
Destaining was performed in destaining solution with shaking and fresh solution was 
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replaced every hour until clear bands were visible. Protein expression, extraction, 
staining, and destaining were repeated following the same procedure described above 
except 20 µl of lysates and 30 µl of supernatants were loaded instead of 10 µl to 
increase the possibility to visualize protein. 
To see if the protein was in an inclusion body, cell pellets were also centrifuged 
at 16,000 x g for 15 minutes after resuspension in 2 ml cold Buffer A.  Cells were 
sonicated using a 1/8” microtip sonicator at 40% amplitude with 1 second pulsing for 1 
minute. The pellet was solubilized in 100 µl cold guanidine buffer (Buffer B) and kept on 
ice for 1 hour. The insoluble materials were removed by centrifugation at 16,000 x g for 
15 minutes at 4 oC. Samples were then boiled in 4X Laemmli Sample Buffer (Bio-Rad) 
and were assessed by gel electrophoresis following the same procedure described 
above. 
 
Isolation of the Denatured NpF1278 Protein  
A 500 ml suspension of BL21 StarTM (DE3) E. coli cells was induced to express the 
NpF1278 protein using 1 mM IPTG for five hours at 37 oC. Cells were centrifuged for 20 
minutes at 13,000 x g and the pellets were resuspended in 20 ml cold denaturing 
equilibration buffer containing guanidine HCl (Buffer C). The sample was gently agitated 
until translucent and then centrifuged at 10,000 x g for 20 minutes at 4 oC. The 
supernatant was then transferred to a clean Falcon tube without disturbing the pellet. 
 
Resin Equilibration and NpF1278 Protein Purification 
NpF1278 proteins were purified by their N-terminal histidine tag using TALON 
resin (Clontech Laboratories, Inc.). The total amount of resin was thoroughly 
resuspended by shaking in 1 ml bed volume of resin which was immediately transferred 
to a sterile 50 ml Falcon tube with a wide mouth pipette. Resin was then centrifuged at 
700 x g for 2 minutes and the supernatant was carefully removed by pipetting. Cold 
Buffer C was then added to the resin at 10 bed volume (1 ml resin × 10 = 10 ml Buffer C). 
The resin sample was mixed briefly and centrifuged at 700 x g for 2 minutes. The 
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supernatant was discarded and the resin was washed two more times with 10 bed 
volume of Buffer C as described above. 
 
NpF1278 Protein Purification 
The clarified NpF1278 protein sample (supernatant) was added to the 
equilibrated resin and the mixture was gently agitated at room temperature on a 
platform shaker for 30 minutes to allow the histidine-tagged protein to bind to the 
resin. The sample was then centrifuged at 700 x g for 5 minutes and as much 
supernatant as possible was removed without disturbing the resin pellet. 
A 10 bed volume of cold washing buffer I (Buffer D) was added to the resin pellet 
and the suspension was gently agitated at room temperature for 10 minutes on a 
platform shaker. The suspension was then centrifuged at 700 x g for 5 minutes. The 
supernatant was carefully removed and the resin was washed two more times with 
Buffer D as described above, with a final resuspension in 0.5 ml of cold washing buffer II 
containing 10 mM imidazole (Buffer E) by vortexing. This suspension was then 
transferred to a 2 ml gravity flow column (Bio-Rad) with an end-cap in place and the 
resin was allowed to gravimetrically settle out of suspension. The buffer was then 
drained by removal of the end-cap. 
The histidine-tagged protein was eluted from the resin by adding 2.5 ml cold 
elution buffer (Buffer F) containing 0.2 M imidazole to the column and the flow-through 
was collected in 500 µl fractions. Following this, additional fractions were collected 
using cold elution buffer (Buffer G) with 0.5 M imidazole by the same procedure. 
 
Buffer Exchange 
 Since the buffer used to purify the protein was incompatible with the buffer used 
in the EMSA binding reaction, the elution buffer with imidazole had to be exchanged out 
with the final EMSA binding buffer (Buffer H or I). To do this, the purified protein sample 
in elution buffer with imidazole (maximum 2 ml) was loaded onto a cold EMD Millipore 
Ultra-2 Centrifugal Filter Unit and spun at 7,500 x g at 4 oC. The sample was checked 
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every 25 minutes until the buffer had passed through the filter. Following this, 2 ml cold 
EMSA buffer (Buffer H) was added and the sample was spun four times as described 
above to obtain a final sample volume of < 50 µl. The filter unit was inverted and 50 µl 
cold Buffer H was added to raise the final volume ~100 µl. The sample was then was 
spun at 1,000 x g at 4 oC for 2 minutes to collect the sample. A 5X EMSA buffer (Buffer I) 
containing HEPES and MgCl2 was later used as the binding buffer in this study (Campbell 
et al., 2003). 
 
Bradford Protein Assay 
 A Bradford protein assay using the Quick StartTM Bradford kit (Bio-Rad) was 
performed to quantify the amount of purified protein following the buffer exchange. For 
these reactions, 1 ml of room temperature Bradford reagent was added to 20 µl of 
either the protein sample or the provided standards of bovine serum albumin (BSA) and 
mixed thoroughly by pipetting. The mixtures were incubated at room temperature for 5 
minutes and the absorbance was measured at 595 nm. The concentration of the purified 
protein was determined based on comparison to the standard curve generated from the 
supplied BSA standards. 
 
Construction of the DNA Probes for EMSA 
Specific and nonspecific DNA probes were designed for the promoter region of 
the scytonemin biosynthetic gene cluster and satellite gene cluster (first gene is 
NpR1276 and NpF5232, respectively) based on previously determined transcriptional 
start sites (TSS; data not shown). Primers for specific product A (SPA; 60 bp) were 
designed to target the sequence just upstream of the TSS of NpR1276 (first gene of the 
scytonemin gene cluster) and primers for specific product B (SPB; 68 bp) were designed 
similarly for the TSS of NpF5232 (first gene of the satellite gene cluster). Another set of 
primers for specific products of 199 bp and 154 bp, targeting the TSS region of NpR1276 
and NpF5232, respectively, were later used in the EMSA binding reactions. As controls, 
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two nonspecific DNA probes, NSPA and NSPB, were designed which targeted genes 
within each gene cluster (NpR1276 and NpF5232, respectively). 
Both the smaller and larger SPA (60 bp and 199 bp) and SPB (68 bp and 154 bp) 
products were constructed using primers described in Table 4. For each PCR, 20-60 ng of 
N. punctiforme genomic DNA was used in 25 µl reaction mixtures consisting of 0.4 µM of 
each primer, 2.5 µl 10X DreamTaq buffer, 200 µM dNTPs, and 0.125 µl Dream Taq DNA 
polymerase (Thermo Scientific). PCR was performed in a T100TM Thermal Cycler (Bio-
Rad) with the following parameters: 95 oC for 5 minutes, then 35 cycles of 95 oC for 30 
seconds, a gradient of 51-55 oC for 30 seconds, and 72 oC for 1 minute followed by a 
final extension at 72 oC for 10 minutes. PCR products were confirmed by agarose gel 
electrophoresis as described above. To obtain a higher yield, the dNTPs and primers 
were increased to 2.5 µl (from 0.5 µl) and 0.4 µl (from 0.1 µl), respectively. Products 
were purified using the GeneJET Gel Extraction and DNA Cleanup Micro Kit (Thermo 
Scientific) prior to protein binding. 
 
Electrophoretic Mobility Shift Assay (EMSA) 
 Eight different binding reactions with protein of varying concentration were 
performed for each smaller specific nucleic acid probe, SPA (60 bp) and SPB (68 bp). 
These reactions consisted of 2 µl 5X binding buffer (component E, EMSA kit, Molecular 
ProbesTM), 40 ng of the target DNA probe, and the purified NpF1278 protein at varying 
concentrations of 0, 50, 150, 250, 500, 750, 1000 and 1000 ng. Water was added 
accordingly to make the final volume 8 µl. Controls consisted of reactions with no 
protein and no DNA probe for each target. The reactions were mixed gently and 
incubated at room temperature for 20 minutes. Then 2 µl 6X EMSA gel-loading solution 
(EMSA kit, Molecular ProbesTM) was added to each sample for a final volume of 10 µl. 
Mixing of the samples was done gently to not disrupt the DNA-protein interaction. 
Samples were then loaded onto a non-denaturing (native) 10% PAGEr Precast Gel 
(Lonza) and electrophoresis was performed in Tris/ glycine (Bio-Rad) running buffer 
without SDS at 200 V for 1 hour. 
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 Variations to the EMSA protocol included gel electrophoresis for 30 minutes 
instead of 1 hour at 200 V, the use of a different EMSA binding buffer (Buffer I instead of 
H) (Campbell et al., 2003), and increased concentrations of protein (up to 3000 ng).  
Since these binding reactions did not yield any conclusive results, larger DNA 
probes SPA and SPB (199 and 154 bp, respectively) were designed to increase the 
possibility of DNA-protein binding and different DNA: protein molar ratios of 1:1 (5.88: 
5.88 pmoles), 1.5:1 (8.82: 5.88 pmoles), and 2:1 (11.76: 5.88 pmoles) were used for both 
larger SPA and SPB probes, along with the controls previously mentioned. Additionally, 
10% glycerol was added to the 8 µl binding reactions to stabilize the DNA and protein 
interaction. Reactions were also incubated at room temperature for 40 minutes instead 
of 20 minutes. For these reactions, 2 µl 6X EMSA gel-loading solution (EMSA kit, 
Molecular ProbesTM) was added to each sample and native gel electrophoresis was 
performed following the same procedure as above except at 180 V for 30 minutes. 
Additional EMSA binding reactions were performed using the non-denaturing 
(native) 10% PAGEr Precast Gels (Lonza) with variations to the DNA: protein molar ratio, 
binding buffer, and electrophoresis conditions. For one reaction, in the 1:1 DNA: protein 
ratio, the amount of each was 7 pmoles and 14 pmoles for SPA and SPB, respectively. 
For another reaction, the amount of DNA and protein in the 1:1 DNA: protein ratio 
varied from 3.24 to 5.34 pmoles for both SPA and SPB, respectively, and 10% glycerol 
was added to Buffer I instead of separately adding it to the binding reaction. A third 
reaction was performed for SPB with 1:2 and 1:3 DNA: protein ratios, with protein 
amounts of 5.6 and 16.83 pmols, respectively. For this, the incubation was the same as 
described above although native gel electrophoresis was performed at 160 V for 30 
minutes. 
Furthermore, the EMSA binding reaction was performed on a 5% acrylamide gel 
with a 1:1 DNA: protein molar ratio. The DNA probe and protein concentration ranged 
from 0.15 µg to 0.5 µg. For this reaction, the gel was pre-run at 180 V for 30 minutes at 
4 oC in 0.5X TBE buffer (Buffer J). Samples were then loaded and ran at 180 V for 25 
minutes at 4 oC. 
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An additional 20 µl EMSA binding reaction was performed containing 100 ng 
DNA probe and various concentrations (5 µg to 9 µg) of purified 1278 protein (Huang & 
Wu, 2004) with binding buffer I. Electrophoresis was performed on a 5% acrylamide gel 
following the same procedure described above. 
DNA staining was done according to the EMSA Kit protocol (Molecular ProbesTM). 
In this procedure, the gel is stained first with SYBR Green to visualize the DNA. Then the 
SYBR Green is washed out and the gel is subsequently stained with SYPRO Ruby for 
protein visualization. While both DNA and protein are not viewed simultaneously, a 
comparison of the bands on the gel following each stain is sufficient to determine if the 
DNA and protein complex formed and resulted in a higher molecular weight product 
than the unbound components. For DNA staining, the gel was covered with 50 ml 0.5X 
TBE buffer (Buffer J) containing 5 µl SYBR Green EMSA stain (EMSA kit, Molecular 
ProbesTM) and incubated with gentle shaking in the dark for 30 minutes. The gel was 
washed twice with dH2O for 10 seconds to remove excess stain and visualized using a 
fluorescence filter which has excitation peaks primarily at 495 nm and secondarily at 
~255 nm, with an emission peak at 520 nm. 
Protein staining was performed using 50 ml prepared SYPRO Ruby EMSA stain 
(EMSA kit, Molecular ProbesTM) covering the gel in a plastic box for three hours in the 
dark with gentle shaking. The gel was washed with dH2O following the same procedure 
described above and then destained with EMSA destaining solution for 60 minutes. The 
gel was washed again as described above before visualization of the protein using a 
fluorescence filter having an emission peak at ~610 nm.        
 
Results 
Development of a Blunt-End PCR Product for TOPOR Cloning 
To express the NpF1278 protein, a blunt-end PCR product of 852 bp was 
constructed using 1278protF and 1278protR primers (Figure 19A) and cloned into the 
pET TOPOR vector. Following transformation of TOP10 cells onto LB containing 
kanamycin (50 µg ml-1), ten positive colonies containing plasmids with the NpF1278 
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insert (pET1278) were confirmed by colony PCR (Figure 19B). pET1278 plasmids were 
isolated from positive colonies and inserts were further confirmed by PCR and 
sequencing using plasmid DNA as the template (data not shown). 
 
 
 
 
 
 
Figure 19. Blunt-end NpF1278 PCR products. A) Lane 1: molecular mass standard, lanes 
2-4: PCR products of 852 bp. B) Lane 1: molecular mass standard, lanes 2-11: colony PCR 
product inserts of 852 bp from pET1278 plasmids isolated from ten positive clones. 
 
Determination of the Conditions for Optimum Expression of the NpF1278 Protein 
pET1278 plasmids were transformed into BL21 StarTM (DE3) E. coli cells and the 
NpF1278 protein was expressed with 1 mM IPTG in LB containing kanamycin (50 µg ml-
1) for 0, 2, 5, and 18 hours to determine the best induction period against controls of 
uninduced protein (Figure 20). The most effective induction periods were after two and 
five hours of induction with IPTG. Protein was also induced at different temperatures of 
24 oC, 30 oC, and 37 oC.  The best protein was induced at 37 oC (data not shown). For all 
other assays, protein induction was performed at 37 oC for 5 hours. 
 
Purification of the NpF1278 Protein and Determination of Protein Concentration 
Following expression, the NpF1278 protein was purified using TalonR Metal 
Affinity Resin and assessed by SDS-PAGE on a 10% PAGEr Precast Gel. Purified protein 
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was detected as a single band of 34 kDa (Figure 21). Once purified, the proteins were 
kept on ice and used briefly for buffer exchange and EMSA binding reactions. 
The concentrations of purified NpF1278 proteins were determined by the 
Bradford protein assay after buffer exchange. Protein concentration ranged from 0.5‐1.3 
mg ml‐1 and 0.5‐9 g was used in EMSA binding reactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Expression of NpF1278 protein with 1 mM IPTG for different time periods. 
Lane 2: Precision Plus Protein Standard Dual Color Ladder, lanes 1, 4, 6, and 8: induced 
protein after 0, 2, 5, and 18 hours, respectively, lanes 3, 5, 7, 9: uninduced protein after 
0, 2, 5, and 18 hours, respectively.   
 
 
Construction of DNA Probes for EMSA 
DNA probes SPA and SPB, targeting the promoter region of the scytonemin and 
satellite gene clusters, respectively, were constructed using PCR (Figure 22). Since the 
smaller probes (60 and 68 bp, respectively) did not yield any protein shift in the three 
preliminary EMSAs, new probes were used in later assays. These DNA probes were 199 
bp and 154 bp for SPA and SPB, respectively.  
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Following purification, the final concentration of the products was determined 
and the samples were concentrated by vacuum‐evaporation to dryness and 
resuspending in water to the concentration 1 µg/ml.  
 
 
 
 
 
 
 
 
Figure 21. Purification of NpF1278 protein. Lane 1: Precision Plus Protein Standard Dual 
Color Ladder, lanes 2‐8: purified NpF1278 protein of 34 kDa, lane 9: induced total 
protein control, lane 10: uninduced total protein control. 
 
EMSA Binding Reactions 
EMSA binding reactions were performed using 40 ng of SPA (60 bp) and SPB (68 
bp) in each reaction but with varying concentrations of protein (0.05‐1 µg). Controls 
included reactions with no DNA and no proteins. DNA was shown after DNA staining 
with SYBR Green (Figure 23) but no protein was shown after SYPRO Ruby staining (data 
not shown). Since protein was not seen after Ruby staining, more concentrated protein 
(0.1‐2 µg) was used in the next EMSA reaction. These proteins were shown clearly 
following SYPRO Ruby staining (Figure 24). 
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Figure 22. PCR products of DNA probes SPA and SPB. A) Lane 1: molecular mass 
standard, lanes 2-4: SPA (199 bp), lanes 5-7: SPB (154 bp), lane 8: positive control using 
primers 1278.1 and 1278.2 (801 bp), and lane 9: negative control. B) Lane 1: molecular 
mass standard, lanes 2, 4: empty, lanes 3, 5: concentrated and purified SPA and SPB, 
respectively. 
 
 
 
 
 
 
 
 
 
 
Figure 23. EMSA DNA stain using smaller SPA and SPB probes. A, B) SPA and SPB DNA 
probe, respectively. Lane 1: 40 ng DNA probe and no protein, lanes 2-7: 40 ng DNA and 
0.05, 0.15, 0.25, 0.5, 0.75, and 1 µg, respectively of protein, lane 8: 1 µg protein with no 
DNA.  
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Figure 24: EMSA DNA and protein stain using smaller SPA and SPB probes. A, C) SYBR 
Green DNA stains for SPA and SPB, respectively. B, D) SYPRO Ruby stain for SPA and SPB, 
respectively. Lane 1: 40 ng DNA probe and no protein, lanes 2-7: 40 ng DNA and protein 
of increasing concentration of 0.1, 0.3, 0.5, 1, 1.5, and 2 µg, respectively, lane 8: 2 µg 
protein with no DNA.  
 
 
The EMSA binding reaction was performed using larger probes for SPA and SPB 
(199 and 154 bp, respectively) at 40 ng and increased concentrations of proteins (0.15-3 
µg). Some higher molecular weight products after DNA staining with SYBR Green 
suggested possible protein shifting, but it was inconclusive after SYPRO Ruby staining, 
although a large amount of protein was shown (Figure 25). Another EMSA was done 
with DNA: protein at a 1:1 molar ratio. After SYBR Green DNA staining, a high molecular 
weight band was found for SPB, which could be a positive indication for protein shifting, 
however no protein was detected at this location after SYPRO Ruby protein staining 
from the same gel (Figure 26). An additional EMSA reaction was done with 1:1, 1.5:1, 
and 2:1 DNA: protein molar ratio (Figure 27). Furthermore, another EMSA reaction was 
done approximately 1:1 DNA: protein molar ratio at a higher concentration. For this, 
DNA was shown after SYBR Green DNA staining but no band was found at the high 
molecular weight and protein was not shown after SYPRO Ruby staining (Figure 28). 
Furthermore, a 20 µl EMSA binding reaction was performed containing 100 ng DNA and 
48 
 
various concentrations (5 µg to 9 µg) of purified 1278 protein. Again, DNA was shown 
after SYBR Green DNA staining, but no band was found at a high molecular weight and 
protein was not shown after SYPRO Ruby staining on a 5% polyacrylamide gel (Figure 
29). Several other EMSAs were done with a variety of changes to the protocol, see 
Appendix D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. EMSA DNA and protein stain using larger SPA and SPB probes. A, C) SYBR 
Green DNA stains for SPA and SPB, respectively. B, D) SYPRO Ruby stain for SPA and SPB, 
respectively. Lane 1: 40 ng DNA probe and no protein, lanes 2-7: 40 ng DNA and protein 
of increasing concentration of 0.15, 0.45, 0.75, 1.5, 2.25, and 3 µg, respectively, lane 8: 3 
µg protein with no DNA.  
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Figure 26. EMSA DNA and protein stain using larger SPA and SPB probes and protein at a 
1:1 molar ratio. A, B) SYBR Green and SYPRO Ruby stain of the same gel, respectively. 
Lane 1: DNA ladder, lanes 2, 8: control with SPA or SPB, respectively, and no protein, 
lane 5: control with 1 µg protein and no DNA, lanes 3-4: 3.5 and 5.34 pmoles, 
respectively, SPA and protein, lanes 6-7: 3.24 and 4.86 pmoles, respectively, SPB and 
protein. A) Lane 6 and 7 showed bands at a higher molecular weight but protein was not 
present after Ruby staining. B) Only lane 5 showed protein which had 1 µg of protein 
with no DNA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27. EMSA DNA and protein stain using larger SPA and SPB probes and protein at 
1:1, 1.5:1, and 2:1 molar ratio. A, B) SYBR Green and SYPRO Ruby stain of the same gel, 
respectively. Lane 1: DNA ladder, lanes 2, 10: control with SPA or SPB, respectively, and 
no protein. Lane 6: control with 5.88 pmoles protein and no DNA, lanes 3-5: 1:1 (5.88 
pmoles), 1.5:1 (8.82:5.88 pmoles), and 2:1 (11.76:5.88 pmoles) SPA: protein, 
respectively. Lanes 7-9: 2:1, 1.5:1, and 1:1 SPB:protein, respectively with same 
concentrations of DNA and proteins as SPA. Lanes 7-9 showed bands at a higher 
molecular weight after DNA staining. B) Protein was present in the gel but no evidence 
of protein shifting was found. 
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Figure 28. EMSA DNA and protein stain using larger SPA and SPB probes and protein at a 
1:1 molar ratio at a higher concentration. A, B) SYBR Green and SYPRO Ruby stain of the 
same gel, respectively. Lane 1: DNA ladder, lanes 2, 8: control with SPA or SPB, 
respectively, and no protein, lane 5: control with 1 µg protein and no DNA, lanes 3-4: 
0.15 and 0.2 µg, respectively, SPB and protein, lanes 6-7: 0.4 and 0.5 µg, respectively, 
SPA and protein.  
 
 
 
 
 
 
 
 
 
Figure 29. EMSA DNA and protein stain using larger SPA and SPB probes and greater 
concentrations of protein. A, B) SYBR Green and SYPRO Ruby stain of the same gel, 
respectively. Lane 1, 9: control with SPA or SPB, respectively, and no protein, lane 5: 
control with 6 µg protein and no DNA, lanes 2-4: 100 ng SPA and 8.5, 6, and 5 µg 
protein, respectively, lanes 6-8: 100 ng SPB and 9, 6, and 5 µg protein, respectively.  
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Discussion 
Since the response regulator (RR) NpF1278 in Nostoc punctiforme has been 
shown to be associated with regulating scytonemin biosynthesis (see Chapter 2), it is 
expected that the NpF1278 protein binds to some regulatory element of the scytonemin 
gene cluster to help initiate transcription. The interaction of transcriptional activators 
with their DNA-binding sites are essential for the regulation of transcription and can 
control the organized expression of genes in response to external stimuli (Mukherjee et 
al., 2004). Electrophoretic mobility shift assays (EMSAs) are commonly used to assess 
the binding of a transcriptional activator to a specific DNA-binding site. In an EMSA, if 
binding occurs between the DNA probe of the target region and the purified protein, a 
higher molecular weight product should form, as compared to the unbound DNA and 
protein (Fried, 1989). As such, knowledge of the specific DNA-binding site for probe 
design is critical since the success of an EMSA is dependent on the binding of the protein 
to the DNA sequence of an oligonucleotide probe. This problem is exacerbated by the 
fact that DNA sequences associated with RRs are highly variable and can exist very close 
to the genes they regulate or several hundred base pairs away (Bulyk, 2004).  
One approach to identifying the DNA-binding site of a RR is to identify the 
transcriptional start site (TSS). The general region of the TSS can then be used as a target 
in assays to test the binding of a RR to a specific regulatory site. Previous experiments 
using 5’ Rapid Amplification of cDNA Ends (RACE) assays found that the TSS of the 
scytonemin gene cluster is 227 bp upstream of the first gene in the cluster scyA 
(NpR1276) and the TSS of the satellite gene cluster is 44 bp upstream of the first gene of 
the satellite gene cluster (NpF5232, Figure 30) in N. punctiforme. However, the 
promoter and the specific DNA-binding sites of the transcriptional factors for these 
genes are unknown in N. punctiforme.  
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Figure 30. Specific probes targeting the promoter region of the scytonemin gene cluster 
(SPA) and of a satellite gene cluster (SPB) in N. punctiforme. 
 
For this study, two DNA probes, SPA (60 bp) and SPB (68 bp), were designed for 
binding of the NpF1278 protein to the promoter region of the scytonemin gene cluster 
and the satellite gene cluster, respectively, based on the location of each respective TSS. 
While EMSAs have been successfully performed with similar size probes in previous 
studies (Campbell et al., 2003), no shifting of the protein was observed after EMSA 
binding reactions with these probes. Since the DNA-binding sites are unknown, longer 
DNA probes (SPA, 199 bp and SPB, 154 bp) for both promoter regions were designed to 
increase the possibility of NpF1278 protein binding. Presence of higher molecular 
weight products using longer probes and greater concentrations of protein indicated a 
possible protein shift after DNA staining, but it was inconclusive since same products 
were found in the control with no DNA. Also, there was no evidence of the bound 
complex after protein staining with SYPRO Ruby. A new binding buffer was prepared 
using dTT, salts, and glycerol to optimize the interaction of the protein and DNA. 
Eventually, the binding reaction was also modified using HEPES, MgCl2, and glycerol in 
the binding buffer to mimic those used in other studies that have obtained good results 
(Fried, 1989, Campbell et al., 2003). To facilitate the movement of DNA and protein in 
the gel, a 5% native polyacrylamide gel was used instead of the 10% PAGEr precast gel 
that was originally used in this study. Electrophoresis was also performed at 4 oC with a 
30 minute pre-run at the same temperature and voltage to help stabilize the binding 
conditions (Huang & Wu, 2004). 
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The EMSAs performed in this study were inconclusive. While some of the DNA-
stained gels had some evidence of a higher molecular weight product, the same gels 
stained for protein visualization did not show evidence of these products. 
Unfortunately, the interaction between NpF1278 and the promoter region of either 
gene cluster has not been determined, although several explanations are plausible. For 
instance, as mentioned above, the binding sites are not known, and there can be 
multiple binding sites which can also be remotely located from the promoter and TSS 
region. Therefore, failure to detect protein shifting does not necessarily disprove the 
hypothesis of this study. Indeed, there are multiple factors that can contribute to the 
lack of protein shifting in EMSA reactions, such as the ionic strength and pH of the 
binding buffer, presence or absence of divalent cations, presence of glycerol, and the 
temperature and duration of binding reactions. Moreover, it is difficult to keep the 
native proteins functional after purification, which might be a reason for the failure of 
DNA and protein binding. However, different modifications have been performed 
throughout this study, including changes in binding buffers, incubation period for the 
reaction mixtures, concentration of the native gel, and temperature and voltage during 
gel electrophoresis as described above.  
 Since it has been shown in this study that NpF1278 is necessary for the 
production of scytonemin in N. punctiforme (see chapter 2), it is likely that NpF1278 
functions by binding to some unidentified regulatory sequence of the scytonemin and 
satellite gene clusters. Despite the inability to observe DNA: protein binding, the 
possibility that binding does occur in vivo cannot be excluded. In previous studies, the 
EMSA has been successfully performed using proteins from N. punctiforme, and other 
cyanobacteria, although the overall approach was quite different than in this study 
(Campbell et al., 2003, Huang & Wu, 2004). For instance, the use of smaller probes and 
a nonspecific competitor may have helped observe the DNA: protein interaction in these 
studies. Therefore, alternative approaches and probes may be necessary for future 
attempts in this study. Furthermore, more global approaches to identifying DNA-binding 
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sites can be explored. One such approach is the chromatin immunoprecipitation (ChIP) 
assay that identifies relationships between the genome and specific proteins by 
observing transcriptional regulation through transcription factor and DNA-binding 
interactions (Carey et al., 2009). This method can capture a snapshot of specific DNA-
protein interactions in living cells and also can quantitate the interactions using 
quantitative PCR. Therefore, this can be a valuable way to resolve the DNA-protein 
interaction issue in the future. 
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CHAPTER 4: SUMMARY 
 
 
 
 The filamentous cyanobacterium Nostoc punctiforme can produce the stable 
sunscreen compound scytonemin as an adaptation to life under UVR (Garcia-Pichel & 
Castenholz, 1991). The main genomic region associated with scytonemin biosynthesis in 
N. punctiforme consists of a single co-transcribed 18-gene cluster (NpF1276 to NpF1259) 
that is conserved in fifteen strains of cyanobacteria. Upstream and adjacent to the 
scytonemin gene cluster in almost all of these strains is a putative two component 
regulatory system (TCRS; NpF1277 and NpF1278 in N. punctiforme) (Soule et al., 2009). 
In this study, it was hypothesized that NpF1278, the response regulator (RR) of 
this TCRS in N. punctiforme, regulates the scytonemin gene cluster as a transcriptional 
activator. To test this hypothesis, an NpF1278 mutant strain of N. punctiforme 
(∆NpF1278) was constructed using an in-frame deletion DNA fragment of NpF1278 
generated by fusion PCR that was cloned and subsequently inserted into N. punctiforme 
through conjugation. Strain ∆NpF1278 is unable to produce scytonemin, as determined 
by spectroscopy following UVA exposure. Based on the scytonemin-deficient phenotype 
of the mutant strain ∆NpF1278, it can be concluded that the RR NpF1278 regulates 
scytonemin biosynthesis in N. punctiforme. This result supports the hypothesis that a 
change will be evident in the biosynthesis of scytonemin when NpF1278 is deleted from 
the genome. 
Since the RR NpF1278 was shown to be associated with the biosynthesis of 
scytonemin in the first objective, it was expected that the NpF1278 protein would bind 
to the promoter region of the scytonemin gene cluster, and perhaps also to the 
promoter region of the distant satellite gene cluster (Soule et al., 2009). Electrophoretic 
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mobility shift assays (EMSAs) were performed using the purified NpF1278 protein and 
DNA probes targeting the promoter region of the scytonemin gene cluster and the 
satellite gene cluster. Preliminary results of this study suggest that a DNA: protein 
complex might have formed, based on the presence of a higher molecular weight 
product than unbound components following DNA staining. However, this bound 
complex was not confirmed after protein staining of the same gel. As such, the results of 
this part of the study are inconclusive. Failure to bind to the promoter region in these 
assays does not prove that NpF1278 does not bind to the regulatory DNA elements of 
the scytonemin biosynthetic or satellite gene clusters. Despite knowing the 
transcriptional start sites for these gene clusters, the specific DNA-binding sites for 
NpF1278 are unknown. In general DNA-binding sites for RRs are highly variable and can 
be near or several hundred base pairs away from the genes they regulate (Bulyk, 2004).   
Since the success of the EMSA is dependent on the binding of the protein to the 
specific DNA-binding sites, determining the DNA-binding sites prior to performing the 
EMSA could certainly lead to expected outcomes. However, this was not possible in this 
study because of the limitations in time and resources. In the future, chromatin 
immunoprecipitation (ChIP-chip) assays can be done to identify specific DNA-binding 
sites and optimize the EMSA reaction conditions. 
Several experiments can be done to expand on this study. The regulatory 
∆NpF1278 mutant strain can now be used for a variety of experiments, one of which will 
be to measure the expression of the scytonemin biosynthetic genes following UVA 
exposure. Since scytonemin is not produced in this strain, it is likely that the biosynthetic 
genes will not be up-regulated following UVA stress. Furthermore, follow-up studies to 
identify other genetic elements or pathways affected by NpF1278 may be identified 
through transcriptomic analyses of the ∆NpF1278 mutant strain under several different 
environmental conditions. 
Characterization of the regulatory elements of scytonemin biosynthesis will 
further advance our understanding of cyanobacterial sunscreen biology and UVR stress 
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physiology. The ability to genetically control sunscreen biosynthesis could also enable 
future genetic manipulation to artificially control the amount of scytonemin produced 
for biomedical and industrial purposes. Furthermore, despite their phototrophic 
lifestyle, UVR-photosensing capabilities are poorly understood in the cyanobacteria and 
RRs involved in UVR stress have not been characterized.
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Appendix A: Protocols Used in this Study 
Appendix A.1. E. coli Competent Cell Protocol  
1. Inoculate 2x 2 ml LB broth with an E.coli DH5α-MCR colony and incubate at 37 oC  
overnight while shaking 
2. Use the overnight 2 ml cultures to inoculate 2x 150 ml LB broth in 250 ml flasks 
and incubate at 37  oC while shaking until OD600 is about 0.3-0.5 (3-5 hours); 
check after 2.5 hours and then every half hour with an LB blank 
a. Pre-chill the large centrifuge to 4 oC 
b. Pre-chill at least 20x 15 ml Falcon tubes on ice 
3. Divide each culture into 10x 15 ml Falcon tubes per flask (20 tubes total) and 
spin at 5000 rpm for 10 min at 4 oC 
4. Decant the supernatant and resuspend the pellet in 2.5 ml cold 0.1 M CaCl2 and 
keep on ice for remaining steps 
5. Keep on ice for 1 hour then spin at 5000 rpm for 10 min at 4 oC 
a. Pre-chill several 1.5ml tubes on ice 
6. Decant the supernatant and resuspend in 100 µl 85% 0.1 M CaCl2 with 15% 
glycerol 
7. Transfer to pre-chilled 1.5ml tubes on ice 
a. Even though you only put 100 µl into the tube there will be more volume 
since you won’t decant everything out; you will probably get two aliquots 
per tube 
8. Store at -80 oC 
 
Appendix A.2. Alkaline Lysis Mini-prep Protocol 
1. Inoculate 10 ml of TB media containing antibiotic with a single bacterial colony in 
a 15 ml Falcon tube and incubate at 37 oC overnight with vigorous shaking 
2. Centrifuge at 5000 rpm for 1 minute 
3. Remove the medium by aspiration, leaving the bacterial pellet as dry as possible 
4. Resuspend the pellet by vortexing in 100 µl of ice-cold Mini-prep Lysis Buffer 
(Solution I) 
5. Incubate for 5 minutes at room temperature 
6. Add 200 µl of freshly prepared Solution II and mix by inversion, DO NOT VORTEX, 
incubate for 5 minutes on ice 
7. Add 150 µl of ice-cold Potassium Acetate Solution, pH 4.8 (Solution III), mix by 
inversion for 10 seconds, and incubate for 5 minutes on ice 
8. Centrifuge at 5000 rpm for 5 minutes 
9. Transfer the supernatant to a fresh tube, avoiding the white precipitate 
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10. Add 5 µl of RNase A (10 mg/ml) from the freezer, keep on ice  
11. Incubate at 37 oC for 30 minutes 
12. Add 2 volumes of Tris-saturated phenol: chloroform: IsoAmylAlcohol (25:24:1) 
stored at 4 oC and vortex for 1 minute, centrifuge at 5000 rpm for 2 minutes 
13. Transfer the upper, aqueous phase to a fresh tube and add 1 volume of 
chloroform: IsoAmylAlcohol (24:1), vortex for 1 minute and centrifuge as in step 
12 
14. Transfer the upper, aqueous phase to a fresh tube and add 2.5 volumes of ice-
cold 95% ethanol and 0.1 volumes of 3M sodium acetate, mix and allow the 
sample to precipitate 20 minutes at -20 oC 
15. Centrifuge at 12,000 x g for 10 minutes and remove the supernatant.  
16. Wash the pellet with 1 ml of pre-chilled 70% ethanol (mix 1 ml 70% ethanol, 
vortex and then spin and remove the supernatant) 
17. Dry the pellet in the laminar flow chamber 
18. Dissolve the dried pellet in 25 µl of deionized water 
 
Miniprep Lysis Buffer – Solution I 
25 mM Tris-HCl, pH 8.0 
10 mM EDTA 
Solution II 
0.2 N NaOH 
1% SDS 
Potassium Acetate Solution - Solution III  
Prepare 60 ml of 5M potassium acetate. Add 11.5 ml of glacial acetic acid and 28.5 ml of 
H2O. This solution is 3M with respect to potassium and 5M with respect to acetate. 
Store at 4 oC. 
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Appendix B: Sequence of the ∆NpF1278 Mutant Strain 
 PCR product sequences obtained from primers 1278.5 and 1278.8 for both the 
wild type and ∆NpF1278 mutant strain of Nostoc punctiforme ATCC 29133. Note that 
the deleted sequences in the mutant are shown when compared and aligned with the 
wild type. 
 
1278_Mutant5_8    AAACTGTTAG AGCCGATTTT AAAAAATTTG CTCGATAATG CAATAAAATA  
1278_WT5_8        AAACTGTTAG AGCCGATTTT AAAAAATTTG CTCGATAATG CAATAAAATA  
 
1278_Mutant5_8    TTCTCCCTCT GGTATAACAG TTGATTTGAG ACTTTCTTGC GAAAATGAGC  
1278_WT5_8        TTCTCCCTCT GGTATAACAG TTGATTTGAG ACTTTCTTGC GAAAATGAGC  
 
1278_Mutant5_8    AATTAATTTT CCAGGTCGAA GATAGAGGTA TTGGTATTTC AGCGCTAGAT  
1278_WT5_8        AATTAATTTT CCAGGTCGAA GATAGAGGTA TTGGTATTTC AGCGCTAGAT  
 
1278_Mutant5_8    CAACAACGAA TATTTGAACC ATTTTACCGT GGAACTAATA TCGATCGCAT  
1278_WT5_8        CAACAACGAA TATTTGAACC ATTTTACCGT GGAACTAATA TCGATCGCAT  
 
1278_Mutant5_8    ACCTGGCACT GGACTAGGAC TGTCAATTCT TAAAACCTTG GTAGACTTAC  
1278_WT5_8        ACCTGGCACT GGACTAGGAC TGTCAATTCT TAAAACCTTG GTAGACTTAC  
 
1278_Mutant5_8    ATCATGGTCA AGTATCTGTG GAAAGTCAAC TTGGTGTGGG CACTACCTTT  
1278_WT5_8        ATCATGGTCA AGTATCTGTG GAAAGTCAAC TTGGTGTGGG CACTACCTTT  
 
1278_Mutant5_8    ACTGTGACGT TGGCATTAAT CAAGTCAGAG TTTAGTAGTT CCGAGTTATG  
1278_WT5_8        ACTGTGACGT TGGCATTAAT CAAGTCAGAG TTTAGTAGTT CCGAGTTATG  
 
1278_Mutant5_8    AATGTTGAAA TCAAGATTAG TTATTAATTA ACAACTTAAC AATCACAACT  
1278_WT5_8        AATGTTGAAA TCAAGATTAG TTATTAATTA ACAACTTAAC AATCACAACT  
 
1278_Mutant5_8    CTCGGAACGA AGTAATTAAG CTTATGCCTA TTTCCATACT CCCTAAAAAG  
1278_WT5_8        CTCGGAACGA AGTAATTAAG CTTATGCCTA TTTCCATACT CCCTAAAAAG  
 
1278_Mutant5_8    TTGAGTACAG CACGGCATAA ATCTAACTAA ACTAGGCAAA GTTCTGTCAC  
1278_WT5_8        TTGAGTACAG CACGGCATAA ATCCAACTAA ACTAGGCAAA GTTCTGTCAC  
 
1278_Mutant5_8    AGTTTAATAT TAACCAGCTT CTGCTACAAG TTATGGTAAT AAAAAATTAT  
1278_WT5_8        AGTTTAATAT TAACCAGCTT CTGCTACAAG TTATGGTAAT AAAAAATTAT  
 
1278_Mutant5_8    GTACGAATCG TCAAATAAAA TTCTCGTCAT TGAAGATGAT AATATTACCC  
1278_WT5_8        GTACGAATCG TCAAATAAAA TTCTCGTCAT TGAAGATGAT AATATTACCC  
 
1278_Mutant5_8    GCGATCTTTA TTTAAAAGGT CTTAAGGCTA AAGGTTTTGA TACAATCAGT  
1278_WT5_8        GCGATCTTTA TTTAAAAGGT CTTAAGGCTA AAGGTTTTGA TACAATCAGT  
 
1278_Mutant5_8    GCTGACAACG GTTTTGCTGG TATCCAACAA GCACTAGAGT GTATACCCGA  
1278_WT5_8        GCTGACAACG GTTTTGCTGG TATCCAACAA GCACTAGAGT GTATACCCGA  
 
1278_Mutant5_8    CTTAGTGATT TGCGATATCA CGATGCCCGA TATGGATGGN TATAGCGTTT  
1278_WT5_8        CTTAGTGATT TGCGATATCA CGATGCCCGA TATGGATGGN TATAGCGTTT  
 
1278_Mutant5_8    TAAATACGCT ACGCCAAGAT CCTCTTACGG CA-------- ----------  
1278_WT5_8        TAAATACGCT ACGCCAAGAT CCTCTTACGG CAATTATTCC CTTTATTTTT  
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1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        CTGACTGGGA GTAGTAACAA AGCAGATGTT CGCAAAGCTA TGGAATTGGG  
 
1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        AGCAGATGAT TATCTTACCA AACCCTCGAC ACTAGATGAA TTGCTCAGAG  
 
1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        CGATCGCTAT CCGACTAGAA AAGCAAGCTA CTCTGCAATA CTGGTGGGCT  
 
1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        AAGAAATTTG AGAAAGCTCC AAAATCAGTA TTTGTAGATC ATACTCCAAG  
 
1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        TGCGATCGCA TCTGAAGAAA CTTCTGATGA AGAAGCCACA ATCCCTTCTA  
 
1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        AGTCAATCTT TCCCTGTATT CCTCAATTAA AAGAAGTTTT CGACTTTATC  
 
1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        GAAGCCCATT ATCATCAAGG AATTACTTTG TGTGATGTGG CTGTTGCTGT  
 
1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        TGGTTACTCA CCTGCTTACT TAACTAACCG AGTCGCAAGG CAAACGGGAG  
 
1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        AGACTGTAAA CTGCTGGATT GTCAAACGCC GAATGGCAGG CGCTCGTTTT  
 
1278_Mutant5_8    ---------- ---------- ---------- ---------- ----------  
1278_WT5_8        TTACTCCAAA ATAATAATCA GACTATCGAG AAGATCGCCA AAGCATTAGG  
 
1278_Mutant5_8    ---------- ---------- ---------- ----CGCCAA CATCACGGGT  
1278_WT5_8        TTATCAAGAT GTGTCTCATT TTTCTCGCCA ATTTCGCCAA CATCACGG-T  
 
1278_Mutant5_8    TTACCTCCCC AAGCTTGGCG CAAACAGCAT CAGCTTGTAT CTCAAAANTA  
1278_WT5_8        TTACCTCCCC AAGCTTGGCG CAAACAGCAT CAGCTTGTAT CTCAAAAATA  
 
1278_Mutant5_8    GGTGAN--TT TGGTAAAAGT CGATTTACAG CAATTTTCAT TTAGACTAAA  
1278_WT5_8        GGTGAAACTA AGGTCAAAGT CGATTTACAG CAATTTTCAT TTAGACTAAA  
 
1278_Mutant5_8    ACTGGGAATT GGGAATTGGG CATTAGTTAT ATTTCCTCTG CTTCCCCTGC  
1278_WT5_8        ACTGGGAATT GGGAATTGGG CATTAGTTAT ATTTCCTCTG CTTCCCCTGC  
 
1278_Mutant5_8    CTCCCCTGCT CCCTACTCC 
1278_WT5_8        CTCCCCTGCT CCCTACTCC 
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Appendix C: Buffers Used in DNA: Protein Binding Assays 
 
Buffer A (Lysis Buffer) 
 Tris HCl  50 mM 
 NaCl   400 mM 
 
Buffer B (Guanidine Buffer) 
 Tris pH 7.5  50 mM 
 Guanidine HCl  6 M 
 
Buffer C (Denaturing Equilibration Buffer) 
 NaH2PO4 pH 7  50 mM 
 NaCl   300 mM 
 Guanidine HCl  6 M 
 
Buffer D (Washing Buffer I) 
 NaH2PO4 pH 7  50 mM 
 NaCl   300 mM 
 
Buffer E (Washing Buffer II) 
 NaH2PO4 pH 7  50 mM 
 NaCl   300 mM 
 Imidazole  10 mM 
 
Buffer F (Elution Buffer with 0.2 M imidazole) 
 NaH2PO4 pH 7  50 mM 
 NaCl   300 mM 
 Imidazole  0.2 M 
 
Buffer G (Elution Buffer with 0.5 M imidazole) 
 NaH2PO4 pH 7  50 mM 
 NaCl   300 mM 
 Imidazole  0.5 M 
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Buffer H (EMSA Buffer) 
 KCl   750 mM 
 DTT   0.5 mM 
 EDTA   0.5 mM 
 Tris pH 7.4  50 mM 
 Glycerol  30% 
 
Buffer I (5X EMSA Binding Buffer) 
 HEPES   12 mM 
 Tris   4 mM 
 KCl   700 mM 
 DTT   1 mM 
 MgCl2  30 mM 
 
Buffer J (1X TBE buffer pH 8) 
 Tris  89mM 
 Boric acid  89mM 
 EDTA  1mM 
 
Staining solution 
 50% methanol 
 10% acetic acid 
 0.1% Coomassie Brilliant Blue 
 
Destaining solution  
 50% methanol 
 10% acetic acid 
 
EMSA Destaining Solution 
 10% methanol 
 7% acetic acid 
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Appendix D: Results from Additional EMSA Reactions  
EMSA binding reactions were also performed at 1:1 DNA: protein molar ratio at 
different concentrations and incubated at room temperature for 30 minutes (Figure D1). 
EMSA binding reactions were also performed with SPB and protein at 1:2 and 1:3 DNA: 
protein molar ratio and incubated at room temperature for 40 minutes (Figure D2). 
Another EMSA binding reaction was performed with 100 ng of SPA and SPB and 
increasing concentrations of proteins (5-8 µg; Figure D3). 
 
 
 
 
 
 
 
 
 
Figure D1. EMSA DNA and protein stain using larger SPA and SPB probes and protein at a 
1:1 molar ratio. A, B) SYBR Green and SYPRO Ruby stain of the same gel, respectively. 
Lane 1: DNA ladder, lanes 2, 7: control SPA or SPB, respectively, and no protein. Lane 4: 
control with 6.85 pmoles protein and no DNA. Lane 3: 6.85 pmoles protein and SPA, 
lanes 5-6: 13.77 and 3.94 pmoles, respectively, SPB and protein. B) No protein was 
shown after SYPRO Ruby staining. 
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Figure D2. EMSA DNA and protein stain using larger SPB probes and protein at a 1:2 and 
1:3 molar ratio. A, B) SYBR Green and SYPRO Ruby stain of the same gel, respectively. 
Lane 1: DNA ladder, lane 2: control with SPB and no protein, lane 5: control with protein 
and no DNA. Lanes 3-4: 1:2 (2.805: 5.6 pmoles), 1:3 (5.61:16.83 pmoles), SPB and 
protein, respectively. B) No protein was shown after SYPRO Ruby staining. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D3. EMSA DNA and protein stain using larger SPA and SPB probes and protein. A, 
B) SYBR Green and SYPRO Ruby stain of the same gel, respectively. Lane 1: DNA ladder, 
lanes 2, 6: control SPA or SPB, respectively, and no protein. Lane 4: control with no 
protein. Lane 3: 8 µg protein and SPA, lane 5: 6 µg of protein and SPB. B) No protein 
shifting was evident in protein stain. 
